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% Check for updates CCAAT/enhancer binding protein o (C/EBP«x) regulates myeloid differentia-

tion, and its dysregulation contributes to acute myeloid leukaemia (AML)
progress. Clarifying its functional implementation mechanism is of great sig-
nificance for its further clinical application. Here, we show that C/EBPa reg-
ulates AML cell differentiation through liquid-liquid phase separation (LLPS),
which can be disrupted by C/EBPa-p30. Considering that C/EBPa-p30 inhibits
the functions of C/EBPa through the LZ region, a small peptide TAT-LZ that
could instantaneously interfere with the homodimerization of C/EBPa-p42 was
constructed, and dynamic inhibition of C/EBPa phase separation was
observed, demonstrating the importance of C/EBPa-p42 homodimers for its
LLPS. Mechanistically, homodimerization of C/EBPa-p42 mediated its phos-
phorylation at the novel phosphorylation site S16, which promoted LLPS and
subsequent AML cell differentiation. Finally, decreasing the endogenous C/
EBPa-p30/C/EBPa-p42 ratio rescued the phase separation of C/EBPa in AML
cells, which provided a new insight for the treatment of the AML.

CCAAT/enhancer-binding protein alpha (C/EBPa) is a basic-leucine
zipper (bZIP) transcription factor and serves as a main regulator of
myeloid differentiation and leukaemogenesis>. Two major C/EBPa
protein isoforms exist: the 42 kDa full length protein (p42) and the
30 kDa truncated isoform (p30), which lacks a transactivation domain,
compared with the C/EBPa-p42>*. The previous studies proved that C/
EBPa enhanced cell differentiation and blocked the cell cycle pro-
gression by blocking the miR-182 expression®, activating CSF3R® or
IL6R’, repressing CEBPG® and E2F°, respectively. Meanwhile, C/EBPa
was necessary for long-term self-renewal and lineage initiation of

hematopoietic stem cells'®, and improved the curative effects of the
LSD1 inhibitor in the treatment of AML".

C/EBPa mutation had been widely used in the clinical diagnosis
and treatment of AML'>", The majority of AML patients with C/EBPx
mutation are biallelic mutations. The selective loss of C/EBPa-p42 was
found in these patients because they usually have one allele carrying
the N-terminal mutation and the other carrying the C-terminal
mutation**™, As we all know, the N-terminal mutations often expres-
sed C/EBPa-p30 which could form C/EBPa-p30 homodimers, and the
C-terminal mutations could either block dimerization of C/EBPa with
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itself or with other members of the C/EBP family. Thus, C/EBPa-p30
homodimers are the only functional C/EBPa dimers in these patients
and work independently of C/EBPa-p42 by different mechanisms. For
example, C/EBPa-p30 sustained leukaemic growth via the CD73/A2AR
axis"; it alleviated immunosuppression of CD8 + T cells by inhibiting
autophagy-associated secretion of IL-13 in AML'. Meanwhile, the
previous studies also reported that C/EBPa-p30 is generally con-
sidered to be an inhibitor of C/EBPa-p42 in normal genotype cells.
Mechanistically, this inhibition is mainly due to the formation of C/
EBPa-p30:C/EBPa-p42 heterodimers, which, in contrast to C/EBPa-p42
homodimers, impair the transactivation- and DNA-binding
capacity*"*%. In summary, the functions of C/EBPa in various patho-
physiological processes have been clarified. Further clarification of the
specific molecular mechanism to achieve its functions is of great sig-
nificance for the development of related drugs targeted at C/EBPa.

Liquid-liquid phase separation (LLPS) has been recognized as a
mechanism that regulates crucial biological processes*~°. Many biolo-
gical regulatory factors including transcription factors”, gene
promoters® and super-enhancers”, have been confirmed to induce the
LLPS via chemical modification®>*, DNA* or RNA binding” and the
formation of multiprotein complexes™. Clarifying the mechanism of
phase separation of specific molecules and its regulatory effects on
molecular functions is crucial for biological processes and even diseases.

Here, we show that C/EBPa promotes AML cell differentiation
through LLPS, which can be disrupted by its dominant negative mutant
C/EBPa-p30. Mechanistically, homodimer-mediated phosphorylation
of C/EBPa S16 modulates the LLPS and thus governs AML differentia-
tion. At last, we decreased the endogenous C/EBPa-p30/C/EBPa ratio
to rescue the phase separation of C/EBPa in AML cells and significantly
enhance drug efficacy. Our study clearly depicts a model in which LLPS
is dependent on homodimers-mediated phosphorylation, which lays a
theoretical foundation for understanding the regulatory mechanism of
LLPS by an endogenous dominant negative mutant.

Results

C/EBPa undergoes an abnormal particle alteration during cell
differentiation

The combination of Ara-C and Dox has been used as the standard first-
line chemotherapy for AML patients. Inducing differentiation of AML
cells is believed as an important mechanism for chemotherapeutic
drugs®™. In our GFP+MLL-AF9 AML mouse models (Fig. 1a-c), we
observed that the number of endogenous C/EBPa particles in GFP-
tagged MLL-AF9 cells was significantly increased after being treated
with Ara-C and Dox (Fig. 1d and Supplementary Fig. 1a), suggesting that
the C/EBPa particles may be involved in the cell differentiation
induced by chemotherapeutic drugs. Furthermore, we isolated CD34+
primary AML cells from AML patients (n=6) and treated them with
Ara-C and Dox in vitro. As expected, the number of endogenous C/
EBPa condensates was gradually increased after the addition of both
drugs (Fig. 1e and Supplementary Fig. 1b). Similar results were also
observed in PMA-induced differentiation of AML cell line THP-1*®
(Fig. 1f and Supplementary Fig. 1c). In addition, we also detected the
endogenous C/EBPa condensates in two other differentiation systems.
Briefly, we confirmed the differentiation of 3T3-L1 cells into adipocytes
by Oil Red O assay, and found that endogenous C/EBPa condensates
were significantly increased in adipocytes (Supplementary Fig. 1d, e).
Moreover, we observed the increase of endogenous C/EBPa con-
densates during the differentiation of 32Dcl3 cells into granulocytes
(Supplementary Fig. 1f, g). Collectively, the results indicate that
endogenous C/EBPa undergoes an abnormal particle alteration when
it induces cell differentiation.

C/EBPa undergoes LLPS
LLPS is a newly recognized organization form of intracellular proteins,
which mainly displays as protein particles. To verify whether the

endogenous C/EBPa condensates were from LLPS, we analysed the
amino acid sequence of C/EBPa with the IUPred protein structure
prediction server and found that it contained disordered regions that
tend to undergo LLPS (Fig. 2a). Then, PEG was added to purified EGFP-
tagged C/EBPa protein (Supplementary Fig. 2a) to evaluate whether C/
EBPa formed LLPS in vitro. Compared with the purified EGFP protein,
the C/EBPa solution exhibited turbidity under crowding conditions
(Fig. 2b). Furthermore, we observed that purified EGFP-C/EBP« protein
formed micrometre-sized spheres and then could be substantially
eliminated after 2 min treatment with 10% 1,6-hexanediol (1,6-Hex)
prior to imaging, a compound that interferes with weak hydrophobic
interactions and inhibits droplet formation (Fig. 2c). However, purified
EGFP proteins had no significant change (Fig. 2c). To further illustrate
the biophysical properties of the purified EGFP-C/EBPa heterotypic
droplets, we operated fluorescence recovery after photobleaching
(FRAP) experiment to assess the dynamics of the droplets. Notably, the
droplet showed a relatively rapid fluorescence recovery (-40's, 80%
recovery) after bleaching, suggesting that the droplets were in a liquid-
like state (Fig. 2d). Simultaneously, the phase-separated droplets
exhibited rapid fusion observed in the fluoresce and differential
interference contrast (DIC) (Fig. 2e).

To test whether C/EBPa also undergoes LLPS in cells, we over-
expressed EGFP-tagged C/EBPa in HEK 293 T cells (Supplementary
Fig. 2b). Considering that some transcription factors proteins, such as
YAP1* and SEUSS*, should be activated by LLPS to regulate gene
transcription upon hyperosmotic stimulation, we used mannitol-
induced osmotic stress to induce condensation of C/EBPa in HEK
293 T cells. After 10 min hyperosmotic stress stimulation with 0.1 M
mannitol, we found small green granules of C/EBPa became clearer
and more apparent in the nucleus of overexpressed C/EBPa-EGFP HEK
293 T (Fig. 2f, g and Supplementary Fig. 2d). In addition, the granules
were also abolished after 2 min treatment with 10% 1,6-Hex (Fig. 2f),
which was similar to the results in vitro. Meanwhile, the EGFP group
failed to show condensates following 0.1 M mannitol stress in HEK
293T-EGFP cells (Supplementary Fig. 2c). Then, we further illustrated
the dynamics of the C/EBPa droplets using FRAP assay. The analysis of
FRAP showed 80% fluorescence recovery within 60 s after bleaching
(Fig. 2h) and reconfirmed the LLPS of C/EBPx in HEK 293 T over-
expressed EGFP-tagged C/EBPa cells. Moreover, the fusion of C/EBPa-
EGFP puncta was also noticed (Fig. 2i). In summary, C/EBPa undergoes
LLPS. In addition, C/EBPa is a member of the C/EBP (CCAAT/enhancer
binding protein) family which also includes C/EBP(, C/EBPS, C/EBPs,
C/EBPy, and C/EBPC. To probe the LLPS potential of other C/EBP family
members, we expressed C/EBPS, C/EBPe and C/EBPy in HEK 293 T cells
but did not observe puncta formation after 10 min of hyperosmotic
stress (Supplementary Fig. 2e).

C/EBPa is a transcription factor. To confirm the influence of phase
separation on transcription function of C/EBPa, we performed CHIP-
sequencing (CHIP-seq) and RNA-seq for PMA treated THP-1 cells. The
results of GSEA analysis of CHIP-seq data showed that the phase-
separated C/EBPa activated some differentiation-related pathways in
PMA treated THP-1 cells, including developmental growth involved in
morphogenesis, myeloid cell differentiation, developmental matura-
tion and macrophage activation. Meanwhile, GSEA analysis of RNA-seq
data also showed the phase-separated of C/EBPa activated the same
differentiation-related pathways (Supplementary Fig. 2f-h). In general,
the LLPS of C/EBPa promotes cell differentiation by binding with the
promoter of some key downstream molecules.

C/EBPa-p30 inhibits the LLPS of C/EBP«x

Clinically, C/EBPa mutations occur in approximately 10% of AML cases,
and leading to expression of N-terminally truncated C/EBPa-p30 pro-
tein, which lacks the first 119 amino acids (Fig. 3a)>*. To prove whether
C/EBPa-p30 also undergoes LLPS, we studied the formation of C/EBPa-
p30 puncta in the HEK 293 T overexpressed EGFP-tagged C/EBPa-p30.
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The failing to produce turbidity and diffuse appearance was observed,
which suggested that C/EBPa-p30 had lost the ability to phase
separation (Fig. 3b—d, Supplementary Fig. 3a, b).

C/EBPa-p30 had been proved to neutralize the transcriptional
activity of C/EBPa by interfering the formation of C/EBPa-p42
homodimers™*. And 36-residue leucine zipper (LZ) domain was the
direct binding domain between C/EBPa-p42 homodimers or C/EBPa-

p42:C/EBPa-p30 heterodimers (Fig. 3e)*>. To investigate whether C/
EBPa-p30 binding to C/EBPa-p42 to inhibit LLPS by its LZ domain, a
Flag-tagged C/EBPa-p30ALZ was constructed. Then, C/EBPa-p30ALZ
was proved lost the ability to dimerize with C/EBPa in immunopreci-
pitation assay (Fig. 3f). Then, we performed a concentration gradient
experiment in mannitol stimulated-HEK 293 T cells, including the mass
ratio of C/EBPa-p30 construct to full-length C/EBPa construct as 1:1,
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Fig. 1| C/EBPa undergoes an abnormal particle alteration during cell differ-
entiation. a Experimental schematic for the establishment of the Dox/Ara-C (D/A)
treated GFP + MLL-AF9 mouse model. b Representative photographs and weights
of spleens isolated from the groups of GFP + MLL-AF9 mice at 7 days after treat-
ment (n =5 mice per group). A two-tailed unpaired Student’s ¢ test was used for
statistical analysis and data were presented as mean values + SEM. ¢ Flow cyto-
metric analysis of GFP + MLL-AF9 leukaemia cells in BM of the control and D/A
groups (n =35 mice per group). A two-tailed unpaired Student’s ¢ test was used for
statistical analysis and data were presented as mean values + SEM.

d Immunofluorescence photograph analysis of the number of endogenous C/EBPx
condensates in each GFP + MLL-AF9 leukaemia cell in the control and D/A groups.
Quantification of C/EBPa condensates (n = 3 biologically independent experi-
ments). A two-tailed unpaired Student’s ¢ test was used for statistical analysis, and
data were presented as mean values + SEM. e Immunofluorescence photograph

analysis of the number of endogenous C/EBPa condensates in each CD34+ primary
AML cell treated with the control or D/A (Ara-C:50 nM; Dox:0.2 pg/mL) for 24 h.
Quantification of C/EBPax condensates (n= 6 AML patients). A two-tailed unpaired
Student’s ¢ test was used for statistical analysis, and data were presented as mean
values + SEM. f Immunofluorescence photograph analysis of the number of
endogenous C/EBPa condensates in each THP-1 cell stimulated with 100 ng/mL
PMA for O h, 3h, 6 h, 12 h, 24 h and 48 h. Quantification of C/EBPa condensates
(n = 3 biologically independent experiments). A two-tailed unpaired Student’s ¢ test
was used for statistical analysis, and data were presented as mean values + SEM.
The experiments in (d, f) were observed at least 20 random fields in each experi-
ment. For (e), at least 10 random fields were observed in each experiment. For (d, e),
scar bars, 5 um. For (), scar bar, 2 um. Source data are provided as a Source

Data file.

3:1, 9:1 and 18:1. The results showed that the number of condensates in
1:1 group was obviously more than that in 3:1 group. Meanwhile, the
condensates of mCherry-tagged C/EBPx-p30 were observed in these
two groups, which might because of the formation of C/EBPa-p42: C/
EBPa-p30 heterodimer (Supplementary Fig. 3d, ). Furthermore, no C/
EBPa condensate was observed in 9:1 or 18:1 group (Supplementary
Fig. 3d, e). Similar results have also been obtained in experiment by
using purified mCherry-tagged C/EBPa-p30 and C/EBPa-EGFP proteins
(Supplementary Fig. 3f). Collectively, as the mass ratio of C/EBPa-p30
to C/EBPa increases, the condensates gradually decreased until they
disappeared. The mass ratio of C/EBPa-p30 construct to full-length C/
EBPa construct 9:1is the lowest mass ratio for C/EBPa-p30 to suppress
C/EBPa LLPS, and was selected in subsequent experiments. More
interestingly, the phase separation was significantly inhibited in HEK
293 T cells that were co-transfected with the C/EBPa-EGFP and
mCherry-C/EBPa-p30, while mCherry-C/EBPa-p30ALZ had no influ-
ence on the LLPS of C/EBPa-EGFP (Fig. 3g and Supplementary Fig. 3c).
It is worth noting that in the presence of C/EBPa, C/EBPa-p30ALZ
shows a certain degree of aggregation. But in the absence of C/EBPa,
C/EBPa-p30ALZ particles disappear (Supplementary Fig. 3g). These
results suggested that C/EBPa-p30ALZ cannot undergo LLPS. Mean-
while, considering that C/EBPa-p30ALZ and C/EBPa had no direct
interaction and some reports mentioned that they could bind to the
same gene promoters****, we speculated that the LLPS of C/EBPa
changed the distribution and functional states of its binding chromo-
somes, which led to the redistribution of C/EBPa-p30ALZ which had
similar chromosome binding ability as wild type C/EBPa. Overall, these
data support that C/EBPa-p30 does not undergo phase separation and
may inhibit the LLPS of C/EBP« by interrupting the formation of C/
EBPo-p42 homodimers.

The LZ fragment inhibits the LLPS of C/EBPa—42 by disrupting
the formation of its homodimers

To further determine C/EBPa-p30 inhibit LLPS of C/EBPx-p42 by dis-
rupting the formation of its homodimers, the HEK 293 T cells were
transfected with mCherry-tagged C/EBPa-p30 or LZ fragment together
with C/EBPa-p42 (Supplementary Fig. 4a). By using NATIVE PAGE, C/
EBPa-p42 monomer, C/EBPa-p30 monomer, C/EBPa-p42 homodimer,
C/EBPa-p30 homodimer and C/EBPa-p42:C/EBPa-p30 heterodimer
were observed (Fig. 4a). These results proved that C/EBPa-p30 or LZ
formed heterodimers with C/EBPa-p42 through LZ domain. Since C/
EBPa-p30 could dimerize with itself, we also tested whether its
homodimers undergo LLPS. As expected, we didn’t observe the LLPS
of C/EBPa-p30 homodimers (Supplementary Fig. 4b). More impor-
tantly, the interfering effects of C/EBPx-p30 or LZ for the formation of
C/EBPa-p42 homodimer were proved (Fig. 4a). In addition, we also
verified that the binding ability with C/EBPa became stronger as the
amount of LZ plasmids increased from 0.5 ug to 4 pg, indicating that
the LZ fragment could interact with C/EBPa (Fig. 4b). Importantly, in
HEK 293T cells transiently transfected with C/EBPx-EGFP, no

condensate in the mCherry-tagged LZ group was observed compared
with the control group after mannitol treatment (Fig. 4c), suggesting
that LZ fragment inhibits the LLPS of C/EBPa.

In order to observe the effect of LZ fragment on the C/EBPa LLPS
instantaneously, we designed a small peptide which could efficiently
transport into the cells in several minutes. Briefly, the peptide was
named as TAT-LZ and consisted of TAT and the LZ fragment (36 amino
acids) conjugated with 5-TAMRA at the C-terminus (Fig. 4d). The TAT-
LZ peptide gradually crossed the membrane into HEK 293 T cells
within 5 min, and the massive intracellular abundance was observed at
10 min (Supplementary Fig. 4c). Then, we found a significant increase
in droplet numbers within 10 min in the no treat group (mannitol
alone) of HEK 293 T overexpressing C/EBPa-EGFP (Fig. 4e, f and Sup-
plementary Fig. 4d). Meanwhile, the number of droplets increased
within 3 min and decreased at 5-10 min when TAT-LZ and mannitol
were added simultaneously at 0 min, compared with that in no treat
group (Fig. 4e, f and Supplementary Fig. 4d). Moreover, when TAT-LZ
was added 5 min before mannitol, the number of droplets were further
reduced (Fig. 4e, f and Supplementary Fig. 4d). And the addition of
TAT-LZ 10 min before mannitol completely blocked the formation of
LLPS condensates (Fig. 4e, f and Supplementary Fig. 4d). Similarly, the
number of endogenous C/EBPa particles in THP-1 cells stably expres-
sing the LZ fragment was greatly reduced after PMA induction, com-
pared with that in control cells (Fig. 4g, h, Supplementary Fig. 4e).
Given that C/EBPa is a key regulatory molecule for monocyte and
macrophage differentiation>*¢, we used qQRT-PCR and flow cytometry
to study the differentiation of THP-1 cells and found that the LZ frag-
ment significantly reduced the expression of CDI11b or CD68 and
decreased the percentage of CD11b or CD68 positive cells (Fig. 4i, j and
Supplementary Fig. 4f). Taken together, our data indicate that the LZ
fragment inhibits the LLPS of C/EBPa-p42 and the differentiation of
AML cells by disrupting the formation of its homodimers.

Phosphorylation of C/EBPa-p42 at S16 stabilizes its LLPS
through homodimerization

To investigate how the homodimers enhance the LLPS of C/EBPa-p42,
we employed the mass spectrometry analysis to study several kinds of
chemical modification and found that phosphorylation of C/EBPa at
Serl6 was significantly increased when the HEK 293 T cells over-
expressing C/EBPa-EGFP being treated with mannitol, which may be
relevant to the liquid droplet formation by phase separation (Fig. 5a).
Consequently, the rabbit-derived anti-C/EBPa p-S16 antibody was
designed and produced. Meanwhile, ELISA results showed that p-S16
antibody had up to five-fold stronger affinity for C/EBPa p-S16 peptide
than C/EBPa S16 peptide (Supplementary Fig. 5a). Subsequent western
blot analysis reconfirmed that the relative p-S16 level got stronger with
time under mannitol treatment (Supplementary Fig. 5b). Similarly, the
endogenous p-S16/S16 level in THP-1 cells also increased after being
treated with PMA for 0,3 h, 6 h, 12 h and 24 h (Fig. 5b). Interestingly, we
found that C/EBPa-S16 levels decrease over the 24 h period of PMA

Nature Communications | (2023)14:6907



Article

https://doi.org/10.1038/s41467-023-42650-3

a b EGFP-C/EBPa
o ) PEG 8000
g 1.0 \[f\\/ EGFP PEG 6000
O 0.8+ N ™, PEG 4000 012
I} PEG 8000
dhh 0.6 __ \’_ — — — — # PEG 4000 PEG 2000
T 044 PEG 1000 PEG 10001 0.09
8 0.3- Ficoll PEG 400+
= T T T o,y PEG 200
e 100 200 300 1020 30 40 (%) """ ]
. . L. 0.06
Amino acid position Ficoll]
C d Glycerol
EGFP-C/EBPa 10 20 30 40 (%)
(20 pM) EGFP Pre-
Ctrl _ +10% Hex bleach bleach 10s
> 1.0
=
» 0.8
s
.E 0.6
€ .g 0.4
e e E 0.2
e [
Dr € ; 14 0=

e O0s 4s 8s

12s

EGFP-C/EBPa

O
al

p<0.0001
p<0A.0001 v

p=0.0002 ;. [J

=" Number of condensates LQ

Fig. 2 | C/EBPa undergoes LLPS. a Analysis of disordered regions in C/EBPa.
IUPred was used to analyse the regions of C/EBPa; Regions with a score of greater
than 0.5 (above the dotted line) were considered disordered. b Turbidity of pur-
ified EGFP-C/EBPa protein (20 pM) increased after treatment with crowding
agents, while EGFP protein did not. ¢ EGFP-C/EBPa (20 uM) droplets were formed
after treatment with 250 mM NaCl and 10% PEG 8000 and then disappeared after
2 min addition of 10% 1,6-Hex, while EGFP did not exhibit these properties.

d Representative FRAP images of EGFP-C/EBPa droplets. The dotted circle shows
the bleached area. The FRAP curve of EGFP-C/EBPa droplets was analysed with
different droplets (n = 8). Data are presented as mean values + SEM. e Fusion of
EGFP-C/EBPa droplets was imaged in the fluorescence and DIC channels (n= 3
biologically independent experiments). f C/EBPx formed puncta in HEK 293 T
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living cells transfected with C/EBPa-EGFP after 0.1 M mannitol treatment and then
disappeared after 2 min the addition of 10% 1,6-Hex (n = 3 biologically indepen-
dent experiments). g Quantification of C/EBPa puncta in Fig. 2f (n =10 cells). A two-
tailed unpaired Student’s ¢ test was used for statistical analysis, and data were
presented as mean values + SEM. h Representative FRAP images of C/EBPa puncta
in HEK 293 T living cells transfected with C/EBPa-EGFP after 0.1 M mannitol
treatment. The white arrow indicated bleached area. The FRAP curve of C/EBPa-
EGFP droplets was analysed with different droplets (n = 8 cells). Data are presented
as mean values + SEM. i Fusion of C/EBPa-EGFP droplets in the HEK 293 T living
cells transfected with C/EBPa-EGFP after 0.1 M mannitol treatment was imaged
(n= 3 biologically independent experiments). For (c), scar bar, 5 um. For (d-f, h, i),
scar bars, 2 pm. Source data are provided as a Source Data file.

treatment, which is consistent with Korbinian Brand’s previous work*’.
In conclusion, we confirmed that phosphorylation of C/EBP« at Ser16
was involved in the LLPS of C/EBPa. Furthermore, overexpression of
either C/EBPa-p30 or LZ decreased the phosphorylation of C/EBPa

S16, while overexpression of C/EBPa-p30ALZ had no such effect in HEK
293 T cells co-transfected with C/EBPa-EGFP (Supplementary Fig. 5c).
Likewise, in THP-1 cells transiently transformed with C/EBPa-Flag, the
relative C/EBPa p-S16 level was also decreased after co-transfection
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with either C/EBPa-p30 or LZ but not after co-transfection with C/
EBPa-p30ALZ (Fig. 5c). Collectively, these data indicated that the
phosphorylation of C/EBPa-p42 at S16 may regulate LLPS through
homodimerization.

To further confirm whether C/EBPa S16 phosphorylation reg-
ulates LLPS in cells, we constructed the recombinant plasmids S16E
(activated phosphorylation) and S16A (inactivated phosphorylation)

with EGFP tags. The results of natural gel electrophoresis showed that
C/EBPa-S16E promoted the formation of C/EBPa-p42 homodimer,
while C/EBPa-S16A inhibited the formation of C/EBPa-p42 homodimer
in C/EBPa-S16E or C/EBPa-S16A together with C/EBPa overexpressed
HEK 293 T cells (Supplementary Fig. 5d). As expected, the C/EBPx S16A
mutant could not form phase-separated condensates; however, cells
transfected with the S16E and wild-type C/EBPa contained obvious
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Fig. 3| C/EBPa-p30 inhibits the LLPS of C/EBPa. a Domain structure analysis of C/
EBPa and C/EBPai-p30. b Purified EGFP-C/EBPa-p30 protein (20 pM) showed no
turbidity. ¢ EGFP-C/EBPa-p30 protein (20-40 uM) droplets did not form after the
addition of 250 mM NaCl and 10% PEG 8000 (n = 3 biologically independent
experiments). d No C/EBPa-p30-EGFP puncta was observed after 0.1 M mannitol
treatment in HEK 293 T living cells transfected with C/EBPa-p30-EGFP (n = 3 bio-
logically independent experiments). e The diagram of the interaction between C/
EBPa and C/EBPai-p30 through the LZ domain. f FLAG-tagged C/EBPa-p30 or C/
EBPa-p30ALZ was constructed into HEK 293 T cells together with C/EBPa-EGFP.
The interaction was analysed by co-immunoprecipitation with anti-FLAG and anti-

GFP antibodies followed by western blotting (WB) (n= 3 biologically independent
experiments). g Live-cell images indicated that the number of C/EBPa-EGFP puncta
in mannitol-treated HEK 293 T cells over-expressed with C/EBPa-EGFP to mCherry-
tagged C/EBPa-p30 or C/EBPa-p30ALZ at a mass ratio of of 1:9. Quantification of C/
EBPa-EGFP puncta (n = 3 biologically independent experiments). A two-tailed
unpaired Student’s ¢ test was used for statistical analysis, and data were presented
as mean values + SEM. The experiments in (g) were observed at least 20 random
fields in each experiment. For (c, g), scar bars, 5 um. For (d), scar bar, 2 pm. Source
data are provided as a Source Data file.

granules, and the number of S16E condensates was higher than that of
wild-type condensates in both HEK 293 T cells and THP-1 cells (Sup-
plementary Fig. 5e, f, Fig. 5d, e). These results suggested that phos-
phorylation of C/EBPa at S16 promoted the C/EBPa LLPS. Moreover,
compared with that in WT group, the enhanced phosphorylation of C/
EBPa S16 strengthened the expression levels of CD11b and CD68 mRNA
and the percentages of CD11b+ and CD68+ cells, whereas low differ-
entiation state were found in THP-1 cells expressing the S16A mutant
(Fig. 5f, g and Supplementary Fig. 5g). Moreover, C/EBPa-S16E and C/
EBPa-S16A showed similar abilities in 3T3-L1 and 32Dcl3 differentiation
models (Supplementary Fig. 5h, i). Then, we studied their function in
MLL-AF9 AML mouse. Compared with the control group, we found
that C/EBPa-p30 significantly promoted the progression of AML, while
both C/EBPa S16E and C/EBPa inhibited the progression of AML and
the inhibitory effect of C/EBP« S16E was stronger than that of the WT
group (Fig. 5h, i). In summary, phosphorylation of C/EBP«a at S16 sta-
bilizes LLPS through homodimerization to regulate AML
differentiation.

Decreasing the endogenous C/EBPa-p30/C/EBPa ratio rescues
the function of C/EBPa promoting AML differentiation through
its LLPS
To further confirm that homodimer-mediated phosphorylation of C/
EBPo-p42 modulates AML cells differentiation by LLPS, we regulated
the endogenous C/EBPa-p30/C/EBPa-p42 ratio. Previous studies have
demonstrated that rapamycin regulates the ratio of C/EBPx-p30 to C/
EBPa by decreasing the C/EBPa-p30 protein level***’. So, we utilized
rapamycin for the next experiments. After being proved that rapa-
mycin significantly attenuated the C/EBPa-p30 level at 6 h, 12 h, 24 h
and 48 h but did not cause any change in the C/EBP« level in THP-1 cells
(Fig. 6a), 24 h was chose as the treatment duration. Confocal imaging
showed that rapamycin in combination with PMA increased the num-
ber of endogenous C/EBPa particles more than PMA alone and that
this effect could be counteracted by LZ fragment (Fig. 6b and Sup-
plementary Fig. 6a), suggesting that decreased the C/EBPa-p30/C/
EBPa ratio could regulate the LLPS of C/EBPa. In addition, the study on
the expression levels of CDI11b and CD68 mRNA indicated that rapa-
mycin enhanced the promoting effects of PMA on THP-1 cell differ-
entiation, but this effect disappeared when LZ fragment was added
(Fig. 6¢). Moreover, the analysis of flow cytometry also reconfirmed
this consequence (Fig. 6d and Supplementary Fig. 6b). Considering
that rapamycin regulates AML through a variety of pathways, such as
inhibiting AML cell viability via circ_0094100/miR-217/ATP1B1 axis™ or
enhancing the anti-leukaemia effect as a specific inhibitor of mTOR",
we overexpressed C/EBPa-p30 in THP-1 cells treated with PMA and
rapamycin. The results of qRT-PCR and flow cytometry analysis
showed that C/EBPa-p30 reversed the differentiation promoting effect
of rapamycin (Fig. 6¢, d and Supplementary Fig. 6b), which suggesting
that rapamycin promoted differentiation mainly by down-regulation
of C/EBPa-p30. In summary, decreasing the endogenous C/EBPa-p30/
C/EBPa-p42 ratio enhances the AML cell differentiation by promoting
the LLPS of C/EBPa.

Furthermore, a novel mScarlet and GFP tagged MLL-AF9 AML
mouse model was established (Fig. 6e). Firstly, we proved that

rapamycin reduced the relative levels of C/EBPa-p30 and C/EBPa-p42
in MLL-AF9 mice treated with Ara-C and Dox (Supplementary Fig. 6c).
Then, consistent with the in vitro findings, rapamycin in combination
with Ara-C and Dox could significantly reduce the spleen weight and
the percentage of mScarlet+ GFP + MLL-AF9 cells in bone marrow, as
compared with the results of the two chemotherapeutic agents.
Importantly, LZ fragment eliminated the effects of rapamycin (Fig. 6f,
g). Moreover, rapamycin in combination with Ara-C and Dox sig-
nificantly strengthened the C/EBP«a particle numbers in MLL-AF9 cells,
while the effect of rapamycin could also be abolished by LZ (Fig. 6h and
Supplementary Fig. 6d). Then, to prove our conclusion, we established
AML xenograft mouse models by injecting NSG mice with mScarlet
tagged LZ-overexpressed THP-1 cells. Expectedly, the results were
identical with that in MLL-AF9 AML mouse model (Supplementary
Fig. 6e-j). In summary, decreasing the endogenous C/EBPa-p30/C/
EBPa ratio rescues the function of C/EBPa promoting AML differ-
entiation through its LLPS.

Discussion

C/EBPa is a key transcription factor regulating cell differentiation'*2,
Our results show that C/EBPa formed dozens of nuclear puncta
through LLPS, which contributes to AML cell differentiation. C/EBPa-
p30 and the small peptide TAT-LZ were verified to abolish the LLPS of
C/EBPa-p42 by disrupting its homodimerization. Furthermore,
homodimer-mediated phosphorylation of C/EBPa-p42 at Sl16 site
enhances C/EBPa phase condensation. Although C/EBPa-p30ALZ does
not undergo LLPS, it prevents condensates when C/EBPa exists. Given
that there is no direct binding between C/EBPa-p30ALZ and C/EBPq,
and previous studies have reported that they could bind to the same
DNA***, we hypothesized that LLPS of C/EBPa changed the distribu-
tion and functional state of its binding chromosomes, resulting in the
redistribution of C/EBPa-p30ALZ with similar chromosome binding
ability to wild-type C/EBPa. However, the detailed mechanisms of this
result still remain unclear and need further study. Our work highlights
a mechanism that homodimer-mediated phosphorylation of C/EBPa-
p42 modulates AML cell differentiation by LLPS, which lays a theore-
tical foundation for understanding the regulatory mechanism of LLPS
by a natural endogenous dominant-negative mutant (Fig. 7).

C/EBPa mediates the expression of various downstream mole-
cules by forming homodimers'**>. However, the mechanism by which
C/EBPa achieves the precise adjustment of complex functions remains
unclear. We found that purified C/EBPa protein undergoes LLPS and
that the phosphorylation of S16 in C/EBPa, which is dependent on C/
EBPa-p42 homodimerization, stabilizes phase separation. Current
studies have shown that TAD1 of C/EBPa regulates transcription acti-
vation by interacting with components of RNA polymerase Il pre-
initiation complex, including TBP and transcription factor 1IB**. TAD1
also involved in the C/EBPa-mediated E2F repression and the following
cell cycle operation®**®, In our study, considering that phosphoryla-
tion of C/EBPa-p42 at S16 site was essential for the LLPS, we hypo-
thesized that S16 site in TAD1 is essential for the structural remodelling
in C/EBPa-p42:C/EBPa-p30 heterodimers and has a potential sig-
nificance in TADI1 functional implementation. Understanding the
molecular arrangement of the C/EBPa-p42 homodimers and the
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Fig. 4 | The LZ fragment inhibits the LLPS of C/EBPa-p42 by disrupting the
formation of its homodimers. a Native gel electrophoresis show the the existence
of dimer (n= 3 biologically independent experiments). The 0.8 ug of mCherry-
tagged C/EBPa-p30 or LZ plasmids was constructed into HEK 293 T cells together
with 1.2 pg of C/EBPa plasmids. Blue, pink, Black, red and purple arrows indicated
the mCherry-C/EBPa-p30 homodimers, mCherry-C/EBPa-p30:C/EBPa-p42 hetero-
dimers, C/EBPa-p42 homodimers, mCherry-LZ:C/EBPa-p42 heterodimers and
mCherry-LZ homodimer respectively. “**” and “*” indicated the residual C/EBPx-p42
homodimers and C/EBPa-p42 after anti-stripping treatment; b mCherry-tagged LZ
and C/EBPa-EGFP plasmids were co-constructed into HEK 293 T cells. The inter-
action was analysed by co-immunoprecipitation with anti-mCherry and anti-GFP
antibodies (n = 3 biologically independent experiments). ¢ The number of C/EBPa-
EGFP puncta in mannitol-treated HEK 293 T cells transfected with C/EBPa-EGFP to
mCherry-vector or LZ at a mass ratio of 1:9 (n= 3 biologically independent
experiments). d Diagram of the small peptide TAT-LZ structure. e Changes in C/

EBPa-EGFP droplets after TAT-LZ was introduced into mannitol-treated HEK 293T-
C/EBPa-EGFP living cells at =10 min, O min and 5 min. “x-axis” and “y-axis” indicated
the time after mannitol treatment and the duration of TAT-LZ peptide pre-
treatment respectively. f, Quantification of C/EBPa-EGFP puncta in Fig. 4e (n=8
cells). g The endogenous C/EBPa condensates in THP-1 cells transduced with Ctrl or
LZ under the 100 ng/mL PMA for 24 h. h Quantification of C/EBPa condensates for
Fig.4g (n= 3 biologically independent experiments). i The expression of CD11b and
CD68 in THP-1 cells transduced with Ctrl or LZ lentivirus under the 100 ng/mL PMA
for 48 h (n= 3 biologically independent experiments). j The protein level of the
CD11b and CD68 in THP-1 cells transduced with Ctrl or LZ lentivirus under the
100 ng/mL PMA for 24 h (n = 3 biologically independent experiments). For (f, h-j),
a two-tailed unpaired Student’s ¢ test was used for statistical analysis, and data are
presented as mean values + SEM. For (c, e), scar bars, 5 um. For (g), scar bars, 2 um.
Source data are provided as a Source Data file.
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Fig. 5 | Phosphorylation of C/EBP« at S16 stabilizes its LLPS through homo-
dimerization. a Mass spectrometry analysis indicated the C/EBPa p-S16 in HEK
293T-C/EBPa-EGFP under 0.1 M mannitol treatment for 10 min. b Western blot
showed the level of endogenous C/EBPa p-S16 in THP-1 cells treated with 100 ng/
mL PMA for 0-24 h. The samples derive from the same experiment and that gels
were processed in parallel. GAPDH was run on the same blot. Quantification of the
relative p-S16 level (n= 3 biologically independent experiments). ¢ Western blot
analysis showed the level of C/EBPa p-S16 in THP-1 cells transfected with p30, p30-
ALZ, and LZ plasmids together with C/EBPa-Flag at a mass ratio of 9:1 after 100 ng/
mL PMA treatment for 24 h. The samples derive from the same experiment and that
gels were processed in parallel. GAPDH was run on the same blot. Quantification of
the relative p-S16 level (n = 3 biologically independent experiments).

d Representative images of THP-1 living cells transfected with C/EBPa-S16E-EGFP,
C/EBPa-EGFP or C/EBPa-S16A-EGFP with 100 ng/mL PMA. e Quantification of
C/EBPa condensates for 4d (n= 3 biologically independent experiments); At least

C/EBPa

C/EBPa

20 random fields were observed in each experiment. f The expression of the CDI11b
and CD68 in THP-1 cells transfected with C/EBPa-S16E-EGFP, C/EBPa-EGFP or C/
EBPa-S16A-EGFP with 100 ng/mL PMA (n = 3 biologically independent experi-
ments). g The percent of CD11b+ and CD68+ in 100 ng/mL PMA-treated THP-1 cells
transfected with C/EBPa-S16E-EGFP, C/EBPa-EGFP or C/EBPa-S16A-EGFP (n= 3
biologically independent experiments). h The RFP tagged control, C/EBPa-EGFP, C/
EBPa-S16E, C/EBPa-S16A, C/EBPa-p30 lentiviruses were transferred into MLL-AF9
cells respectively and then injected into C57/BL6 mice. Representative photo-
graphs and weights of spleens isolated from RFP + GFP + MLL-AF9 mice in the five
groups on day 10 (n =3 per group). i Flow cytometric analysis of RFP+ leukaemia
cells in BM of the five groups. Quantification of RFP+ leukaemia cells (n=3 per
group). For (b, ¢, e-i), a two-tailed unpaired Student’s ¢ test was used for statistical
analysis, and data are presented as mean values = SEM. For (e), scar bars, 5 pm.
Source data are provided as a Source Data file.
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specific roles of TAD1 when phase-separated C/EBPa-p42 droplets
formed would be a crucial area for future study.

As an intracellular phenomenon based on the physical mechan-
isms, LLPS is crucial for biological processes. The abundance of reg-
ulatory mechanisms has revealed the importance of LLPS in the cells;
for example, the m6A binding proteins (YTHDF1, YTHDF2 and
YTHDF3) undergo LLPS which can be markedly enhanced by the

presence of mRNAs that contain multiple m°A residues®. Our present
study revealed a dynamic mechanism for protein LLPS in cells: LLPS of
wild-type proteins was regulated via endogenous dominant negative
mutant mediated phosphorylation at specific sites. In addition, tran-
sient intervention with LLPS by the small peptides developed in this
study achieved transient regulation of specific molecules in cells,
which provides important direction for LLPS research.
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Fig. 6 | Decreasing the endogenous C/EBPa-p30/C/EBPa ratio rescues the
function of C/EBP« through its LLPS. a Western blot analysis showed the ratio of
endogenous C/EBPa-p30 to C/EBP« in THP-1 cells treated with different con-
centrations of rapamycin. Relative C/EBPa-p30/C/EBPa levels (n = 3 biologically
independent experiments). b mScarlet tagged control and LZ lentivirus were
transducted into THP-1 cells. Immunofluorescence photograph analysed the
number of endogenous C/EBPa condensates in THP-1-Ctrl or THP-1-LZ cells treated
with PMA and/or PMA + RAPA (PMA + R) for 24 h. Quantification of the number of
C/EBPa condensates (n = 3 biologically independent experiments). It was observed
at least 20 random fields in each experiment. ¢ mScarlet tagged control, LZ or C/
EBPa-p30 lentivirus were transducted into THP-1 cells. qRT-PCR indicated the
expression of CD11b and CD68 in THP-1-Ctrl, THP-1-LZ or THP-1-C/EBPa-p30 cells
treated with PMA and/or PMA + RAPA (PMA +R) for 24 h (n = 3 biologically inde-
pendent experiments). d Flow cytometry was performed to measure the level of the

CD11b and CD68 in THP-1-Ctrl, THP-1-LZ or THP-1-C/EBPa-p30 cells treated with
PMA and/or PMA + RAPA (PMA +R) for 24 h (n= 3 biologically independent
experiments). e Experimental schematic for the establishment of the mScarlet+
GFP + MLL-AF9 mouse model. f Representative photographs and weights of spleens
isolated from mScarlet+ GFP + MLL-AF9 mice in the four groups on day 14 (n =5 per
group). g Flow cytometric analysis of mScarlet+ leukaemia cells in BM of the four
groups. Quantification of mScarlet+ leukaemia cells (n=>5 per group). h, Immuno-
fluorescence photograph analysis of the number of endogenous C/EBPa con-
densates in the control, D/A, D/A+R and D/A +R +LZ groups (n =35 per group).
Quantification of endogenous C/EBPa condensates in each cell. For (b, h), at least
20 random fields were observed in each experiment. For (a-d, f-h, e-i), a two-tailed
unpaired Student’s ¢ test was used for statistical analysis, and data are presented as
mean values + SEM. For (b, h), scar bars, 5 um. Source data are provided as a Source
Data file.
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Fig. 7 | Model for homodimer-mediated phosphorylation of C/EBPx-p42 mod-
ulating AML cell differentiation by LLPS. Homodimer-mediated phosphorylation
of C/EBPa-p42 enhances AML cell differentiation through LLPS. However, C/EBPa-

p30 and LZ inhibit AML differentiation by destroying the dimerization of C/EBPa-
p42 and eliminating its LLPS.

AML is characterized by a differentiation arrest and an uncon-
trolled proliferation of malignant blasts. Despite advances in our
understanding of disease mechanisms, such as the FLT3 inhibitor
gilteritinib®”*, IDH1/2 inhibitors ivosidenib® and enasidenib®® and
BCL2 inhibitor venetoclax®"®?, offering considerable effect for AML, the
outcome of most AML patients remains poor. Thus, novel therapeutic
strategies are needed. Now, the active restoration of tumour sup-
pressor genes is also a new direction for the development of targeted
drugs to increase the therapeutic effect®’. Here, we showed that
decreasing the endogenous C/EBPa-p30/C/EBPa-p42 ratio promoted
the phase separation and restored appropriate function of C/EBPa-p42
in cells. Meanwhile, our results from CHIP-seq and RNA-seq suggest

that phase separation by C/EBPa promoted differentiation of AML
cells through activated many differentiation-related pathways, which
suggest that the LLPS of C/EBPa promotes cell differentiation by
binding with the promoter of some key downstream molecules. The
results reveal a new mechanism of C/EBPa regulating AML cell differ-
entiation and provide new insights for the treatment of the AML.

In summary, we confirmed that C/EBPa enhances AML cell dif-
ferentiation through LLPS. The formation of C/EBPa-p42 homodimers
and phosphorylation of C/EBPa at S16 are critical for its LLPS. Strik-
ingly, decreasing the endogenous C/EBPa-p30/C/EBPa ratio had a
potential supplementary therapeutic effect through its LLPS, provid-
ing a novel therapeutic approach for AML.
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Methods

Plasmids, antibodies, reagents

The following plasmids were designed by WZ Bioscience Inc:
C-terminal 6xHis tagged pET28a-EGFP-C/EBPa and pET28a-EGFP-C/
EBPa-p30; pET28a-mCherry-C/EBPa-p30; C/EBPa-EGFP, C/EBPa-p30-
EGFP, C/EBPa-S16E-EGFP and C/EBPa-S16A-EGFP; C/EBPa-p30-Flag, C/
EBPa-p30ALZ-Flag, C/EBPa-Flag, LZ-Flag; mCherry-C/EBPa-p30,
mCherry-C/EBPa-p30ALZ, mCherry-LZ. The control and LZ over-
expression lentivirus were constructed using pHS-AVC (pLV-hefla-
mScarlet-P2A-Puro-WPRE-CMV-MCS-3xflag) vector, which was per-
formed by Beijing SyngenTech Co., Ltd. The following antibodies and
reagents were purchased from the indicated companies: anti-C/EBPa
(Cell Signalling Technology, 2295; For IF, 1:50; For Western Blot,
1:1000); anti-mCherry (Invitrogen, M11217; 1:1000); anti-EGFP (Santa
Cruz, sc-9996; 1:2000); anti-CD11b (101226, BioLegend; 1:20); anti-
CD68 (333805 and 333807, BioLegend; 1:20); anti-Flag (Proteintech,
66008-4-Ig; 1:1000); anti-C/EBPa(Cell Signaling Technology, #8178;
For Chip-Seq, 1:100); anti-GAPDH (Abways, ABO038; 1:5000); Goat
anti-Mouse IgG antibody (Abways, AB0102, 1:5000); 1,6-Hex (Sigma);
PMA (Sigma); rapamycin (Sigma); CD34 MicroBeads (Miltenyi); Ara-C
(MCE); Dox (MCE); M-PER™ Mammalian Protein Extraction Reagent
(Thermo Scientific); EVO M-MLV Premix (AG); SYBR® Green Premix Pro
Taq HS gPCR Kit (AG); Ficoll, Mannitol, Sucrose, Milk, Glycerol, PEG
200, PEG 400, PEG 1000, PEG 2000, PEG 4000, PEG 6000 and PEG
8000 were purchased from Sangon Biotech; In addition, the anti-C/
EBPa S16 and anti-p-C/EBPa S16 antibodies from rabbits were designed
and produced by Bioresearch (1:1000).

Cell culture and transfection, isolation of CD34-+ primary

AML cells

HEK 293 T cells were cultured in DMEM supplemented with 10% FBS
and 1% penicillin/streptomycin (P/S) at 37°C, 5% CO,. The 3T3-L1 cells
were grown in the DMEM containing 10% Foetal calf serum and 1% P/S.
32Dcl3 cells were cultured in RPMI 1640 supplemented with 15% FBS,
1% P/S and 1 ng/ml IL-3. THP-1 cells were maintained in complete RPMI
1640 medium. THP-1 cells overexpressing control and LZ lentivirus
were maintained in complete RPMI 1640 medium supplemented with
1pg/mL puromycin. HEK 293 T and THP-1 were purchased from the
Institute of Haematology and Blood Diseases Hospital, Chinese Acad-
emy of Medical Sciences and Peking Union Medical College, Tianjin,
China; 32Dcl3 were sourced from Meisen CTCC, Zhejiang, China. 3T3-
L1 were purchased from National collection of Authenticated Cell
Cultures. Cells were transfected with the indicated plasmids using
Lipofectamine 2000 and cultured for another 48 h for western blot-
ting, qRT-PCR or live-cell imaging. Patients with AML provided
informed consent at Qilu Hospital of Shandong University, and the
study was approved by the Human Ethics Committee of the hospital.
BMMNCs were isolated using Ficoll according to the manufacturer’s
protocol, followed by CD34 MicroBeads for classification of
CD34+ cells.

Differentiation of 3T3-L1 cells to adipocytes

According to previous studies®, cells were fed with DEME medium
containing 0.5 mM IBMX, 1M dexamethasone and 10 pg/ml insulin
for 2 days, and then replaced with medium supplemented with only
insulin after 2 days. Cells were changed to normal medium every
2 days, and harvested at eighth day for analysis of adipocytes. Oil Red
0 (G1262; Solarbio) were used to evaluate the adipogenesis according
to the manufacturer’s instructions. Photographs were taken by
microscope (Invitrogen Evos FL Auto 2; USA). The quantitative oil red
O staining was performed as described®.

Granulocytic differentiation of 32Dcl3 cells
According to previous study®®, 32DclI3 cells with a concentration of
2 x10° cells /ml were collected, washed twice with PBS to remove IL-3,

and then resuspended in the induction medium containing complete
RPMI 1640 medium supplemented with 25 ng/ml of G-CSF (#78012_C,
Stem Cell). Under the condition of the above, 32Dcl3 cells were har-
vested at sixth day. On the sixth day, cells were collected, and mor-
phological evaluation was carried out using Wright-Giemsa staining
solution (G1020, Solarbio) according to the manufacturer’s protocol.
The morphology of cells was observed by optical microscope (Nikon
Eclipse Ni; Japan).

Immunostaining

For immunostaining, 5x10° THP-1 cells, CD34+ primary AML cells or
THP-1 cells with stable expression of control or LZ were plated and
subjected to different treatments for various times at 37 °C. Then, the
cells were washed with PBS, fixed with 4% formaldehyde at room
temperature for 15 min and then blocked with buffer (TBS-Tx supple-
mented with 2% BSA and 0.1% Triton X-100) at room temperature for
30 min. Next, the cells were incubated with indicated antibodies at 4 °C
overnight. The following day, the cells were incubated with secondary
antibodies for 1h before adding the antifade mounting medium.
Images were acquired under a ZEISS LSM 900 confocal microscope.
Primary AML cells were from 3 male and 3 female patients.

People voluntarily participated in the study by signing informed
consent form. Although there are differences in age or gene mutation,
it has not affected the conclusion in this study. The study was
approved by the Human Ethics Committee of the Shandong University
(SDULCLL2020-1-14).

Chromatin immunoprecipitation and RNA-seq

1x107 THP-1 or PMA-treated THP-1 cells were fixed in 1% formaldehyde
at room temperature for 10 min, quenched with 125 mM glycine and
harvested. The harvested cells were sent to Active Motif China
(Shanghai, China) for ChIP-Seq. Active Motif prepared chromatin,
performed ChIP reactions, generated the libraries and performed basic
data analysis. In brief, chromatin was isolated by adding lysis buffer
and fragmented by sonication. DNA was sheared to an average length
of 200-500 bp with EpiShear probe sonicator (Active Motif, 53051).
The same amount of Drosophila chromatin (Active Motif, 53083) was
incubated with sheared chromatins from THP-1 cells and PMA-treated
PMA cells, respectively for ChIP normalization. Genomic DNA (Input)
was prepared by de-crosslinking at 65 °C for 4 h followed by RNase A
and Proteinase K digestion. The Input DNA was purified with PCR
Purification Kit (Qiagen, 28004) and quantified (Onedrop, Wins).
Fragmented chromatin mix (for IP) was incubated with 5 pl of anti-C/
EBPa (Cell Signaling Technology, 8178) and 1 pg of Drosophila H2A.v
antibody (Active Motif, 61686) at 4 °C for overnight. 25 pl of rProtein G
Magarose Beads (Smart-Lifesciences, SM004005) were added to the
samples and incubated at 4 °C for 2 h. Complexes were washed, eluted
from the beads with SDS buffer, then de-crosslinked at 65°C for
overnight. The de-crosslinked chromatin was subjected to RNase A and
proteinase K treatment. ChIP DNA was purified with PCR Purification
Kit (Qiagen, 28004) and quantified (Thermo Fisher, Qubit). lllumina
sequencing libraries were prepared from the ChIP-DNA and input
DNAs with VAHTS Universal DNA Library Prep Kit for lllumina V4. Raw
reads were filtered to obtain high-quality clean reads by removing
sequencing adapters, short reads (length <35 bp) and low-quality reads
using trim-galore (v0.6.4). Then FastQC (v0.11.9) and Multiqc (v1.8) is
used to ensure high reads quality. The clean reads were mapped to the
human genome (assembly human genome hg38, primary genome)
using the Burrow-Wheeler Aligner (BWA v0.7.17) software. The clean
reads were mapped to the Drosophila genome (assembly Drosophila
genome dmé, spike-in genome) using the Burrow-Wheeler Aligner
(BWA v0.7.17) software. PCR duplicates were removed using Picard
(v2.22.2-0). Scale factors were calculated by formula (number of the
clean reads mapped to spike-in genome/the maximum of numbers of
the clean reads mapped to spike-in genome). Subset of the clean reads
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were determined by randomly downsampling using bamtools (V2.5.1),
the numbers of reads to keep were calculated by formula (number of
the clean reads mapped to primary genome). Peak detection was
performed using the MACS2 (v2.2.6) peak finding algorithm with
0.05 set as the g-value cutoff. Annotation of peak sites to gene features
was performed using the homer annotatePeaks.pl (v4.10). Pearson
correlation coefficient between biological replicates was calculated
using deeptools (v3.4.3) with default parameters. The resulting histo-
grams were stored in bigWig files using deeptools (v3.4.3).

RNA-seq assay was performed on THP-1and PMA-treated THP-1 by
LC SCIENCES (Hangzhou, China). Total RNA was extracted using Trizol
reagent (thermofisher, 15596018) following the manufacturer’s pro-
cedure. After total RNA was extracted, mRNA was purified from total
RNA (5 pg) using Dynabeads Oligo (dT) (Thermo Fisher, CA, USA).
Next, the mRNA was cut into short fragments and then the cleaved
RNA fragments were reverse transcribed to generate cDNA. Finally, we
conducted the 2x150 bp paired-end sequencing (PE150) on an Illumina
Novaseq™ 6000. The expression analysis of genes was performed by
DESeq2 software.

Protein purification

The C-terminal 6xHis tagged pET28a-EGFP-C/EBPa and pET28a-EGFP-C/
EBPa-p30 plasmids were overexpressed in Escherichia coli BL21 (DE3)
cells. The cells were induced with 0.5 mM IPTG after the OD 600 reached
to 0.6 and then incubated at 18°C for 12 h. The E.coli cells were collected,
resuspended and lysed in 300 mM NacCl, 10 mM Tris and 20 mM imi-
dazole at pH 8.0. The 6xHis tagged proteins were purified with Ni-NTA
Agarose (QIAGEN, 30210) and eluted in 300 mM NaCl, 10 mM Tris and
500 mM imidazole at pH 8.0. Finally, the soluble proteins were further
concentrated using an Amicon Ultra-15 filter (Millipore, UFC903096). All
purified proteins were quantified with a photometer (Denovix, DS-11)
and stored at —80°C for the following experiments.

In vitro droplet formation assay

This assay was carried out with the purified EGFP-C/EBPa protein
incubated in 10% PEG 8000 and 250 mM NaCl at room temperature for
2min. The protein mixture was added to 20 mm glass dishes and
images were acquired with a ZEISS confocal microscope (LSM 900).
Phase contrast and DIC images were acquired for each condition.

FRAP assay

For the in vitro FRAP assay, EGFP-C/EBPa droplets were transferred to
20 mm glass dishes at room temperature. The droplets were photo-
bleached at 100% laser power using a 488-nm laser, and images were
acquired every 2 s. When the fluorescence intensities were ~40% of the
prebleached values, fluorescence recovery was monitored using ZEN
software, and the values were normalized to the prebleached inten-
sities of the fluorescent C/EBPa droplets.

For the FRAP assay in live cells, HEK 293 T cells were transfected
with C/EBPa-EGFP for 48 h and were then treated with 0.1 M mannitol.
FRAP was monitored in C/EBPa condensates using a 488-nm laser at
100% power until the fluorescence intensities were 50% of the pre-
bleached values. Similar to the in vitro FRAP assay, time-lapse images
were acquired using a ZEISS confocal microscope (LSM 900) at
intervals of 2 s, and the fluorescence intensities were normalized to the
prebleached values. FRAP data were analysed for eight biological
replicates per experiment.

Co-IP and western blot analysis

For Co-IP, cells were lysed with M-PER™ Mammalian Protein Extraction
Reagent (Thermo Scientific, 78501) supplemented with 1xprotease and
phosphatase inhibitor cocktail for 20 min at 4 °C. And then the lysate
was incubated with magnetic beads that had bound the target anti-
body 4 °C overnight. On the second day, the protein-magnetic bead
complex was boiled in 2xSDS loading buffer at 95 °C for 5 min.

The experimental samples were loaded into an SDS-PAGE gel, and
proteins were subsequently transferred from the gel to a PVDF mem-
brane. The PVDF membrane was blocked with 5% milk dissolved in
TBST at room temperature and incubated with primary and HRP-
conjugated secondary antibodies. The results were imaged using
Chemiluminescent Imaging System (champchemi). Protein levels were
quantified with Image J software.

Native gel electrophoresis

To confirm the existence of protein dimer, we performed the Native
Page. Protein was harvested from HEK 293 T which overexpressed
mCherry-tagged C/EBPa-p30 or LZ together with C/EBPa. And the
protein was extracted using nondenature Lysis Buffer (C510013, San-
gon Biotech) without SDS. Then, the 8% Native pages were performed
using Native PAGE Preparation kit (C631101, Sangon Biotech) accord-
ing to the manufacturer’s instructions. The lysate was loaded into a
Native-PAGE gel and placed in the Tris-Glycine Native PAGE Running
Buffer PH 8.8 (C506035, Sangon Biotech). Proteins were transferred to
a PVDF membrane, and western analysis was performed.

Design of the small peptide

The small peptide was synthesized by the GL Biochem (Shanghai) Ltd.
The detailed sequence is as follows: TAT (YGRKKRRQRRR) + GG +LZ
domain (TQQKVLELTSDNDRLRKRVEQLSRELDTLRGIFRQL) + 5-TAMRA.

qRT-PCR
RNA isolation was carried out according to the manufacturer’s proto-
col. RNA was reverse-transcribed using EVO M-MLV Premix. Com-
plementary DNA was analysed using the SYBR® Green Premix Pro Taq
HS gPCR Kit and RT-PCR was carried out on PCR amplifier (Roche) with
GAPDH as the control. The following primers were used:

GAPDH, forward: GCACCGTCAAGGCTGAGAAC;

reverse: TGGTGAAGACGCCAGTGGA;

CD11b, forward: CAACGGAGCCCGAAAGAATG;

reverse: CTCCCACCCCAATGACGTAG;

CD68, forward: CTCTCCGAGTCCTAGCCCAA;

reverse: GCTTCCCTGGACCTTGGTTT;

Flow cytometry

For cell surface staining, cell suspensions were incubated with the
specific labelled antibodies CD11b and CD68 at 4 °C for 30 min. The
flow cytometric analyses were performed in Galias (Beckman Coun-
ter), and all data were analyzed using Flowjo 10.0.7.

Live-cell imaging

Cells plated in glass dishes and then subjected to different treatments.
Raw images were acquired with a ZEISS confocal microscope (LSM
900) with a 63xo0il objective using a 488-nm or 561-nm laser. In detail,
droplets were imaged and analysed using ZEN software. All images
were acquired with the same parameters, and the droplets were
counted using Image J. During the experiment, the cells were incu-
bated at 37 °C in 5% CO,.

Mouse model

C57/BL6 mice aged 6-8 weeks and female NOD/SCID mice aged 3 to
4 weeks were purchased from Charles River and were maintained in
the laboratory animal centre of Shandong University. Mice were
maintained on a 12 h dark/light cycle at ambient temperature (72 + 2 F)
with controlled humidity (-45%). Animal protocols were approved by
the Animal Ethics Committee of Shandong University (SDULCLL2020-
2-12). All mice were randomly divided into the indicated groups.

For MLL-AF9 model, some C57/BL6 mice were injected with 1x10°
MLL-AF9 cells or MLL-AF9 cells stably expressing mScarlet tagged
control or LZ lentivirus after one week adaption. And then, mice were
injected intravenously with 50 mg/kg Ara-C daily for 5 days and with
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1.5 mg/kg Dox for the first three days of the treatment period ('5+3’
regimen) with or without rapamycin for 5 days (1 mg/kg) after model
establishment. Finally, the mice were killed and the parameters were
measured in each group. Other C57/BL6 mice were injected with 1x 10°
MLL-AF9 cells or MLL-AF9 cells stably expressing RFP tagged control or
C/EBPa. (WT), C/EBPa-p30, C/EBPa-S16E or C/EBPa-S16A, the mice
were executed after 7 days and their related parameters were observed.

For AML xenograft mouse models, male NOD/SCID mice were
injected with mScarlet tagged 1x10” THP-1-control or THP-1-LZ cells.
And then mice were injected with Ara-C and Dox with or without rapa-
mycin as in MLL-AF9 mouse model. The weight of spleen and the per-
centage of positive cells in bone marrow were collected after 40 days.

Image J analysis

A set of fluorescence images from the experiment were obtained using
the same microscope settings (such as resolution, optical zoom, gain,
laser intensity and scan speed) to ensure consistency between the
sample and the experiment. The original picture was imported into the
Image J and converted into 8 bit, and then adjusted the parameters to
accurately identify particles. In order to accurately count the number
of particles, we set different thresholds according to different
experimental materials. For example, the threshold is set to 50-255
grey level for phase-separated particles produced by overexpressed-C/
EBPo in HEK 293 T and THP-1 cells. For endogenous C/EBP« particles,
set the thresholds of MLL-AF9 cells, AML primary cells, 3T3-L1 cells and
32Dcl3 as 90-255, 75-255, 85-255 and 60-255, which effectively elimi-
nated the background signals in the analysis. The numbers of puncta of
each cell within these parameters were evaluated.

Statistical analysis

All experiments were repeated at least three times on independent
days to ensure data quality and reproducibility. For the immunos-
taining and droplets, at least 20 images were acquired for each inde-
pendent experiment. Comparisons between two conditions were
performed using Student’s t-test with GraphPad Prism 9. The data are
presented as the mean+SEM. Generally, statistical significance is
shown as follows: p<0.05, p<0.01, p<0.001, p<0.0001, and statis-
tically no significance is p > 0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw sequencing data of CHIP-Seq and RNA-Seq generated from
this study have been deposited to the GEO database under the
accession codes GSE243422, GSE243423 and GSE243424. Source data
are provided with this paper.

References

1. Avellino, R. & Delwel, R. Expression and regulation of C/EBPa in
normal myelopoiesis and in malignant transformation. Blood 129,
2083-2091 (2017).

2. Pulikkan, J. A. et al. C/EBPa deregulation as a paradigm for leuke-
mogenesis. Leukemia 31, 2279-2285 (2017).

3. Lin, F. T. et al. A 30-kDa alternative translation product of the
CCAAT/enhancer binding protein alpha message: transcriptional
activator lacking antimitotic activity. Proc. Natl Acad. Sci. USA 90,
9606-9610 (1993).

4. Ossipow, V. et al. CCAAT/enhancer-binding protein mRNA is
translated into multiple proteins with different transcription acti-
vation potentials. Proc. Natl. Acad. Sci. USA 90, 8219-8223 (1993).

5.  Wurm, A. A. et al. Disruption of the C/EBPa—miR-182 balance
impairs granulocytic differentiation. Nat. Commun. 8, 46 (2017).

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Braun, T. P. et al. Myeloid lineage enhancers drive oncogene
synergy in CEBPA/CSF3R mutant acute myeloid leukemia. Nat.
Commun. 10, 5455 (2019).

Zhang, P. et al. Upregulation of interleukin 6 and granulocyte
colony-stimulating factor receptors by transcription factor CCAAT
enhancer binding protein o (C/EBP0) is critical for granulopoiesis. J.
Exp. Med. 188, 1173-1184 (1998).

Alberich-Jorda, M. et al. C/EBPy deregulation results in differentia-
tion arrest in acute myeloid leukemia. J. Clin. Investig. 122,
4490-4504 (2012).

Porse, B. T. et al. E2F repression by C/EBPalpha is required for adi-
pogenesis and granulopoiesis in vivo. Cell 107, 247-258 (2001).
Hasemann, M. S. et al. C/EBPai is required for long-term self-renewal
and lineage priming of hematopoietic stem cells and for the
maintenance of epigenetic configurations in multipotent progeni-
tors. PLoS Genet. 10, €1004079 (2014).

Cusan, M. et al. LSD1 inhibition exerts its anti-leukemic effect by
recommissioning PU.1- and C/EBPa-dependent enhancers in AML.
Blood 131, 1730-1742 (2018).

Tawana, K. et al. Disease evolution and outcomes in familial AML
with germline CEBPA mutations. Blood 126, 1214 (2015).

Taube, F. et al. CEBPA mutations in 4708 patients with acute mye-
loid leukemia: differential impact of bZIP and TAD mutations on
outcome. Blood 139, 87-103 (2022).

Kirstetter, P. et al. Modeling of C/EBPa mutant acute myeloid
leukemia reveals a common expression signature of com-
mitted myeloid leukemia-initiating cells. Cancer Cell 13,
299-310 (2008).

Wilhelmson, A. S. & Porse, B. T. CCAAT enhancer binding protein
alpha (CEBPA) biallelic acute myeloid leukaemia: cooperating
lesions, molecular mechanisms and clinical relevance. Br. J. Hae-
matol. 190, 495-507 (2020).

Ohlsson, E. et al. The multifaceted functions of C/EBPa in normal
and malignant haematopoiesis. Leukemia 30, 767-775 (2016).
Jakobsen, J. S. et al. Mutant CEBPA directly drives the expression of
the targetable tumor-promoting factor CD73 in AML. Sci. Adv. 5,
eaaw4304 (2019).

Wang, J. D. et al. Mutant C/EBPa p30 alleviates immunosuppression
of CD8(+) T cells by inhibiting autophagy-associated secretion of IL-
18 in AML. Cell Prolif. 55, €13331 (2022).

Schuster, M. B. & Porse, B. T. C/EBPalpha: a tumour suppressor in
multiple tissues? Biochim Biophys. Acta 1766, 88-103 (2006).
Descombes, P. & Schibler, U. A liver-enriched transcriptional acti-
vator protein, LAP, and a transcriptional inhibitory protein, LIP, are
translated from the same mRNA. Cell 67, 569-579 (1991).

Pabst, T. et al. Dominant-negative mutations of CEBPA, encoding
CCAAT/enhancer binding protein-alpha (C/EBPalpha), in acute
myeloid leukemia. Nat. Genet. 27, 263-270 (2001).

D’Alo’, F. et al. The amino terminal and E2F interaction domains are
critical for C/EBPa-mediated induction of granulopoietic develop-
ment of hematopoietic cells. Blood 102, 3163-3171 (2003).
Cleaves, R. et al. C/EBPalphap30, a myeloid leukemia oncoprotein,
limits G-CSF receptor expression but not terminal granulopoiesis
via site-selective inhibition of C/EBP DNA binding. Oncogene 23,
716 (2004).

Shin, Y. & Brangwynne, C. P. Liquid phase condensation in cell
physiology and disease. Science 357, eaaf4382 (2017).

Quiroz, F. G. & Fiore, V. F. Liquid-liquid phase separation drives skin
barrier formation. Science 367, eaax9554 (2020).

Shi, B. et al. UTX condensation underlies its tumour-suppressive
activity. Nature 597, 726-731 (2021).

Liu, X. et al. Mitotic implantation of the transcription factor prospero
via phase separation drives terminal neuronal differentiation.
Developmental cell 52, 277-293 (2020).

Nature Communications | (2023)14:6907

14



Article

https://doi.org/10.1038/s41467-023-42650-3

28. Zuo, L. et al. Loci-specific phase separation of FET fusion onco-
proteins promotes gene transcription. Nat. Commun. 12,

1491 (2021).

29. Sabari, B. R. et al. Coactivator condensation at super-enhancers
links phase separation and gene control. Science 361,
eaar3958 (2018).

30. Ries, R. J. et al. m(6)A enhances the phase separation potential of
mRNA. Nature 571, 424-428 (2019).

31. Fu, H. et al. Poly(ADP-ribosylation) of P-TEFb by PARP1 disrupts
phase separation to inhibit global transcription after DNA damage.
Nat. Cell Biol. 24, 513-525 (2022).

32. Zhang, L. et al. 53BP1 regulates heterochromatin through liquid
phase separation. Nat. Commun. 13, 360 (2022).

33. Shao, W. et al. Phase separation of RNA-binding protein promotes
polymerase binding and transcription. Nat. Chem. Biol. 18,

70-80 (2022).

34. Najafi, S. et al. Liquid-liquid phase separation of Tau by self and
complex coacervation. Protein Sci. 30, 1393-1407 (2021).

35. Shen, X. et al. The protein kinase C agonist prostratin induces dif-
ferentiation of human myeloid leukemia cells and enhances cellular
differentiation by chemotherapeutic agents. Cancer Lett. 356,
686-696 (2015).

36. McKenzie, M. D. et al. Interconversion between tumorigenic and
differentiated states in acute myeloid leukemia. Cell Stem Cell 25,
258-272 (2019).

37. Ketley, N. J. et al. Modulation of idarubicin-induced apoptosis in
human acute myeloid leukemia blasts by all-trans retinoic acid,
1,25(0OH)2 vitamin D3, and granulocyte-macrophage colony-stimu-
lating factor. Blood 90, 4578-4587 (1997).

38. Chang, Y.Y. et al. Phorbol myristate acetate induces differentiation
of THP-1 cells in a nitric oxide-dependent manner. Nitric Oxide 109-
110, 33-41(2021).

39. Cai, D. et al. Phase separation of YAP reorganizes genome topology
for long-term YAP target gene expression. Nat. cell Biol. 21,
1578-1589 (2019).

40. Wang, B. et al. Condensation of SEUSS promotes hyperosmotic
stress tolerance in Arabidopsis. Nat. Cell Biol. 18, 1361-1369
(2022).

41. Landschulz, W. H. et al. The DNA binding domain of the rat liver
nuclear protein C/EBP is bipartite. Science 243, 1681-1688 (1989).

42. Agre, P. et al. Cognate DNA binding specificity retained after leu-
cine zipper exchange between GCN4 and C/EBP. Science 246,
922-926 (1989).

43. Paz-Priel, I. et al. C/EBPa or C/EBPa oncoproteins regulate the
intrinsic and extrinsic apoptotic pathways by direct interaction with
NF-kB p50 bound to the bcl-2 and FLIP gene promoters. Leukemia
23, 365-374 (2009).

44. Gentle, I. E. et al. The AML-associated K313 mutation enhances C/
EBPa activity by leading to C/EBPa overexpression. Cell Death Dis.
12, 675 (2021).

45. Matsushita, H. et al. C/EBPa and C/EBPe induce the monocytic dif-
ferentiation of myelomonocytic cells with the MLL-chimeric fusion
gene. Oncogene 27, 6749-6760 (2008).

46. Lee, B. et al. C/EBPa regulates macrophage activation and systemic
metabolism. Am. J. Physiol. Endocrinol. Metab. 306,

1144-1154 (2014).

47. Gutsch, R. et al. CCAAT/enhancer-binding protein beta inhibits
proliferation in monocytic cells by affecting the retinoblastoma
protein/E2F/cyclin E pathway but is not directly required for mac-
rophage morphology. J. Biol. Chem. 286, 22716-22729 (2011).

48. Yeh, W. C. et al. Rapamycin inhibits clonal expansion and adipo-
genic differentiation of 3T3-L1 cells. Proc. Natl. Acad. Sci. USA 92,
11086-11090 (1995).

49. Calkhoven, C. F. et al. Translational control of C/EBPalpha and C/
EBPbeta isoform expression. Genes Dev. 14, 1920-1932 (2000).

50. Cao, J. et al. Rapamycin inhibits the progression of human acute
myeloid leukemia by regulating the circ_0094100/miR-217/ATP1B1
axis. Exp. Hematol. 112-113, 60-69 (2022).

51. Liesveld, J. L. et al. The mTOR inhibitor rapamycin demonstrates
activity against AML in combination with imatinib mesylate and with
5-azacytidine. Blood 110, 4318-4318 (2007).

52. Koleva, R. I. et al. C/EBPa and DEK coordinately regulate myeloid
differentiation. Blood 119, 4878-4888 (2012).

53. Niebuhr, B. et al. Investigation of C/EBPalpha function in human
(versus murine) myelopoiesis provides novel insight into the impact
of CEBPA mutations in acute myelogenous leukemia (AML). Leu-
kemia 23, 978-983 (2009).

54. Nerlov, C. et al. CCAAT/enhancer binding protein-alpha amino acid
motifs with dual TBP and TFIIB binding ability co-operate to activate
transcription in both yeast and mammalian cells. EMBO J. 14,
4318-4328 (1995).

55. Slomiany, B. et al. C/EBPalpha inhibits cell growth via direct
repression of E2F-DP-mediated transcription. Mol. Cell. Biol. 20,
5986-5997 (2000).

56. Johansen, L. M. et al. c-Myc is a critical target for c/EBPalpha in
granulopoiesis. Mol. Cell. Biol. 21, 3789-3806 (2001).

57. Zhao, J. et al. Gilteritinib: a novel FLT3 inhibitor for acute myeloid
leukemia. Biomark. Res. 7, 19 (2019).

58. Levis, M. et al. Gilteritinib: potent targeting of FLT3 mutations in
AML. Blood Adv. 4, 1178-1191 (2020).

59. Donker, M. L. & Ossenkoppele GJ. Evaluating ivosidenib for the
treatment of acute myeloid leukemia. Expert Opin. Pharmacother.
21, 2205-2213 (2020).

60. Dugan, J. et al. Enasidenib for the treatment of acute myeloid leu-
kemia. Expert Rev. Clin. Pharmacol. 11, 755-760 (2018).

61. Ganzel, C. et al. Venetoclax is safe and efficacious in relapsed/
refractory AML. Leuk. Lymphoma 61, 2221-2225 (2020).

62. Stahl, M. et al. Venetoclax therapy for relapsed and treatment
refractory AML: Clinical outcomes and molecular predictors. Blood
136, 47-48 (2020).

63. Gao, L. et al. Overcoming anti-cancer drug resistance via restora-
tion of tumor suppressor gene function. Drug Resist. Updates 57,
100770 (2021).

64. Cao, Z. et al. Regulated expression of three C/EBP isoforms during
adipose conversion of 3T3-L1 cells. Genes Dev. 5, 1538-1552 (1991).

65. Ramirez-Zacarias, J. L. et al. Quantitation of adipose conversion and
triglycerides by staining intracytoplasmic lipids with Oil red O.
Histochemistry 97, 493-497 (1992).

66. Strom, D. K. et al. E2F-1 and E2F-3 are functionally distinct in their
ability to promote myeloid cell cycle progression and block gran-
ulocyte differentiation. Cell Growth Differ. 9, 59-69 (1998).

Acknowledgements

We would like to acknowledge the Shandong Provincial Key Laboratory
of Immunohematology (Qilu Hospital of Shandong University, Shan-
dong Province, China) for providing the space and equipment for con-
ducting the experiments. This work was supported by grants from the
Distinguished Taishan Scholars in Climbing Plan (tspd20210321, C.Y.J),
Taishan Scholars-Distinguished Experts (tstp20230653, J.J.Y), the Young
Taishan Scholars (tsqn201812132, T.S), the National Natural Science
Foundation of China (82070160, C.Y.J; 81873425, T.S; 82000165,
D.M.W; 82170182; J.J.Y), the Major Research Plan of the National Natural
Science Foundation of China (91942306, C.Y.J), the 68™ China post-
doctoral Science Foundation (2020M682171, D.M.W), the Key Program of
Natural Science Foundation of Shandong Province (ZR2020KHO16,
C.Y.J; ZR2021IMH302, F.L), the Fundamental Research Funds for the
Central Universities (2022JC012, C.Y.J), Funded by ECCM Program of
Clinical Research Centre of Shandong University (2021SDUCRCBO0QS,
T.S), the Independently Cultivate Innovative Teams of Jinan, Shandong
Province (2021GXRCO050, C.Y.J), the Multidisciplinary Research and

Nature Communications | (2023)14:6907

15



Article

https://doi.org/10.1038/s41467-023-42650-3

Innovation Team of Young Scholars of Shandong University
(2020QNQT007.T.9).

Author contributions

D.M.W. and T.S. designed the research. DM.W., T.S., Y.X., Z.Z., X.S.,
S.Y.L, Y.C.M, M.Y.L, X.H.S. and F.Z. performed experiments. D.M.W.,
T.S., P.L., D.X.M., J.J.Y. and F.L. wrote the manuscript. D.M.W., T.S., J.J.Y.,
F.L. and C.Y.J. provided supervision.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-42650-3.

Correspondence and requests for materials should be addressed to Fei
Lu or Chunyan Ji.

Peer review information Nature Communications thanks Fangfang Zhou
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:6907

16


https://doi.org/10.1038/s41467-023-42650-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Homodimer-mediated phosphorylation of C/�EBPα-p42 S16 modulates acute myeloid leukaemia differentiation through liquid-liquid phase separation
	Results
	C/EBPα undergoes an abnormal particle alteration during cell differentiation
	C/EBPα undergoes�LLPS
	C/EBPα-p30 inhibits the LLPS of�C/EBPα
	The LZ fragment inhibits the LLPS of C/EBPα−42 by disrupting the formation of its homodimers
	Phosphorylation of C/EBPα-p42 at S16�stabilizes its LLPS through homodimerization
	Decreasing the endogenous C/EBPα-p30/C/EBPα ratio rescues the function of C/EBPα promoting AML differentiation through its�LLPS

	Discussion
	Methods
	Plasmids, antibodies, reagents
	Cell culture and transfection, isolation of CD34+ primary AML�cells
	Differentiation of 3T3-L1 cells to adipocytes
	Granulocytic differentiation of 32Dcl3�cells
	Immunostaining
	Chromatin immunoprecipitation and RNA-seq
	Protein purification
	In vitro droplet formation�assay
	FRAP�assay
	Co-IP and western blot analysis
	Native gel electrophoresis
	Design of the small peptide
	qRT-PCR
	Flow cytometry
	Live-cell imaging
	Mouse�model
	Image J analysis
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




