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Abstract 
t(9;11)-induced leukemia is present both in children and adults, and depending on the age can 
cause predominantly acute lymphoblastic (ALL) or acute myeloid leukemia (AML), respectively. 
In general, in infants it is characterized by poor (ALL) or intermediate (AML) prognosis, whereas 
in adults it is classified as being of intermediate-high risk (Meyer et al., 2018; Ottersbach et al., 
2018; Slany, 2016; Zhang et al., 2021). Its hallmark is the chromosomal translocation between 
chromosomes 9 and 11, leading to the formation of the MLL-AF9 fusion gene. The expressed 
chimeric protein was shown to be crucial for leukemia progression. MLL-AF9 recruits – among 
other factors – the super elongation complex (SEC), leading to aberrant activation of target genes 
(Chen et al., 2019; Dobson, 1999; Odero et al., 2000; Slany, 2016). The Polycomb group of 
proteins plays crucial roles in many processes, such as embryogenesis, differentiation and 
maintaining cell homeostasis, and recently reports linking it to MLL-AF9 have emerged. This 
review will focus on its role in t(9;11)-related leukemia, highlighting the possible therapeutic 
targeting strategies.  
  

MLL-AF9 fusion protein, formed upon chromosomal translocations, retains the DNA-binding 
capacity of MLL and the protein-protein interaction activity of AF9. This results in the aberrant 
recruitment of AF9-interacting partners by MLL-AF9 to target genes. These partners are 
responsible for gene activation, e.g. DOTL1 and SEC. DOT1-like histone H3K79 methyltransferase 
(DOT1L) catalyses H3K79 methylation, mediating constitutive gene expression. The super 
elongation complex, positioned by MLL-AF9 at target sites, triggers transcription elongation by 
phosphorylating, amongst others, the RNA Pol II (Ottersbach et al., 2018). 
 

PRC1 in leukemias with t(9;11) translocation 
The Polycomb (PcG) group of proteins is a family of chromatin-modifying complexes, involved in 
gene silencing. It was discovered first in Drosophila and ensures proper embryonic development 
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and lineage commitment. The Polycomb proteins consist of 2 complexes, PRC1 and 2, and 
catalyzes the deposition of H2AK119ub and H3K27me3, respectively. In a simplified view, PRC2, 
by depositing the methylation mark, causes gene silencing and recruits PRC1 through its CBX 
proteins. PRC1 then deposits the ubiquitination mark. However, there is a lot more complexity 
and more than one pathway by which these complexes work (Butler and Dent, 2013; Chammas 
et al., 2020; Di Carlo et al., 2018; Hu and Shilatifard, 2016; Schuettengruber et al.,2017). 
  
As shown in Fig. 1A, PRC1 can be divided into 2 subgroups, based on the mechanism of 
recruitment to chromatin: canonical (cPRC1) and non-canonical (ncPRC1). All of the PRC1 
complexes contain RING1A/B, which confers catalytic activity, and one of the Polycomb group 
ring finger proteins (PCGFs): NSPC1/PCGF1, MEL-18/PCGF2, PCGF3, BMI-1/PCGF4, PCGF5, or 
MBLR/PCGF6, modulating the catalytic activity. 
 
cPRC1 is formed by the core RING1A/B, PCGF2/4 and, amongst others, one of the chromobox 
homolog proteins CBX, responsible for binding to the H3K27me3. CBX incorporation is flexible, 
as can be observed in HSCs, where CBX7 is predominantly included into cPRC1 and switches to 
CBX8 during differentiation (Klauke et al., 2013). cPRC1 is recruited to chromatin by the CBXs, 
which recognize the H3K27me3 mark, deposited by the PRC2 complexes. Following recruitment, 
cPRC1 deposits the monoubiquitination mark (see Fig. 1B, upper part) (Conway and Bracken, 
2017; Di Carlo et al., 2018). 
  
ncPCR1 complexes lack the CBX proteins, therefore the mechanisms of their recruitment to 
target sites is different. Apart from the core components (RING1A/B and PCGFs), they 
incorporate RYBP/YAF and a number of proteins, which depend on the included PCGF family 
member (e.g., PCGF1-containing ncPRC1 (PRC1.1) is composed of the histone demethylase 
KDM2B, ubiquitin ligase SKP1, scaffolding protein BCOR, and USP7. ncPRC1 subcomplexes bind 
chromatin through different subunits, in the aforementioned PRC1.1 through KDM2B, which 
targets the unmethylated CpG islands, meaning it is PRC2-independent (see Fig. 1B, lower part) 
(Di Carlo et al., 2018). 
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Figure 1. Polycomb complexes and their recruitment to chromatin. A Composition of Polycomb repressive complex 
1 and 2. Catalytic subunits (RING1A/B and EZH1/2) were highlighted. B PRC1 and PRC2 mechanism of action. Dotted 
lines depict interactions with chromatin elements, whereas full lines – mark deposition. In the canonical pathway 
(upper part), PRC2 deposits the methylation mark at lysine 27 of histone 3 (H3K27me3), which is recognized by the 
CBX subunits of canonical PRC1 complexes. Following, ubiquitination mark is deposited by PRC1 (H2AK119ub), 
causing gene silencing. PRC2 can be recruited to chromatin through long non-coding RNAs (lncRNAs), transcription 
factors or by direct DNA binding to unmethylated CpG islands (CGIs). Alternative recruitment pathways have also 
been described (lower part). PRC1.1 recognizes unmethylated CGIs, leading to the ubiquitination mark deposition. 
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H2AK119ub can be directly recognized by PRC2.2 (through JARID2), which results in the presence of the H3K27me3 
mark. 
 
Cumulative PRC1 importance in t(9;11)-related leukemia was highlighted by the work of Rossi 
and colleagues (Rossi et al., 2016), where they targeted Ring1a/b in mouse hematopoietic 
progenitors (lineage negative, lin-). The authors showed that, while lack of Ring1a alone did not 
induce major effects (most likely due to Ring1b compensation), the absence of both Ring1a/b, 
meaning full deletion of PRC1, caused growth arrest and triggered cell differentiation of cells 
expressing either MLL-AF9 or HOXA9. This points towards PRC1 presence being a necessary 
prerequisite for leukemia development. Furthermore, PRC1 was shown to directly cooperate 
with MLL-AF9. One of the effects of the oncogenic fusion protein is the overexpression of Hoxa9, 
which in turn causes Cdkn2a locus repression, thus silencing p16 and p19, both tumor 
suppressors. As it turns out, PRC1 complexes also take part in this mechanism, as, in the presence 
of MLL-AF9, genetic deletion of Ring1a/b induced Hoxa9 downregulation and increase in p16/p19 
expression. PRC1 importance was also shown in vivo with MLL-AF9-expressing cell transplants, 
where PRC1 depletion significantly delayed leukemia incidence. It is worth mentioning, however, 
is the fact that whereas here the depletion of only Ring1a did not cause negative effects, its KD 
in human CD34+ umbilical cord blood cells induced proliferation block and apoptosis (van den 
Boom et al., 2016). The same contradicting results concerned Ring1b, where its lack either didn't 
affect the cells (Tan et al., 2011), or caused growth arrest and apoptosis (van den Boom et al., 
2016). The opposite effects could stem from differences between model systems (mouse and 
human, respectively), urging for cautious evaluation of the obtained results. 

  
Considering that PRC1 comes in two main variants (canonical and non-canonical) and numerous 
subtypes, it's tempting to investigate their potential role (at least for some of them) in MLL-AF9 
leukemias. This knowledge was provided by a number of research papers focusing on specific 
subunits. Following this strategy, PCGF4/BMI1, present in both the canonical (cPRC1) and non-
canonical (ncPRC1) PRC1, was shown not to be crucial for the cells expressing MLL-AF9 (van den 
Boom et al., 2016; Rossi et al., 2016; Smith et al., 2011). Interestingly, MLL-AF9 could overcome 
either Bmi1 or Hoxa9 absence, but failed when both were depleted. Increase in p16/p19 
expression, visible only in double Bmi1/Hoxa9 KOs, might suggest that both of them regulate the 
Cdkn2a locus. Therefore, cells with elevated Hoxa9 levels (MLL-AF9-induced effect), can 
compensate for lack of Bmi1.  
 
CBX8, a cPRC1 subunit, was shown to interact with MLL-AF9 in a PRC1-independent manner. 
However, its role is still under debate and needs further investigation. Earlier studies pointed 
towards its indispensable role for both the initiation and progression of MLL-AF9-induced 
leukemia (Tan et al., 2011). Overexpressed MLL-AF9 mutants, with substitutions disrupting the 
interaction with Cbx8 (T542A, T554A), failed to immortalize lin- cells in replating assays. However, 
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as pointed out later (Schmidt et al., 2020), the aforementioned mutations also affect binding to 
other partners (AF4, DOTL1 and BCOR), which makes it difficult to attribute the effect specifically 
to Cbx8. Schmidt and colleagues refined the mutational approach by determining and changing 
the amino acids corresponding to the unique Cbx8 binding sites in MLL-AF9. Mutant proteins 
displayed either enhanced (A335V) or weakened (R336D) CBX8 binding. Surprisingly, higher 
interaction strength between the two partners was deleterious in vitro, whereas the cells did not 
display any changes when this binding was weakened. Considering that MLL-AF9 interacts with 
all 4 partners through the same AF9 domain and the binding is mutually exclusive, the authors 
postulated for the role of CBX8 as a modulator of partner binding to MLL-AF9, as opposite to 
actively participate in t(9;11)-related leukemogenesis. Regardless of the exact effect of CBX8 
binding, its presence proved to be crucial in the context of MLL-AF9-related leukemogenesis, in 
contrast to dispensability for normal hematopoiesis. Cbx8 KO didn't affect normal in vivo 
hematopoiesis, but had negative effects on MLL-AF9-expressing cells. These included growth 
arrest, loss of MLL-AF9 target gene expression (such as Hoxa9) and inability to induce leukemia 
in vivo. Based on the fact that Ring1b depletion did not affect the cells, a cPRC1-independent 
mode of action for CBX8 was proposed. In the leukemic cell environment, Cbx8 was shown to 
modulate the localization of the histone acetyltransferase TIP60, leading to increased Hoxa9 
levels (Tan et al., 2011). The anti-proliferative effect of Cbx8 depletion was confirmed by later 
studies (van den Boom et al., 2016; Schmidt et al., 2020). 
  
Out of the non-canonical PRC1 complexes, PRC1.1 has been best studied and its importance in 
leukemia with the t(9;11) translocation was highlighted. Van der Boom and colleagues (van den 
Boom et al., 2016) pointed towards that direction by showing that depletion of the PRC1.1 
subunits (e.g. PCGF1, KDM2B, BCOR) arrested human CD34+ umbilical cord blood cells expressing 
MLL-AF9. In contrast, canonical PRC1 seems dispensable for these cells, as depletion of the 
subunits (PCGF4, CBX2) induced only a mild effect. Here also a big difference between normal 
and leukemic cells emerges, as normal CD34+ cells are strongly dependent on CBX2 (van den 
Boom et al., 2013), a feature that MLL-AF9-expressing cells lack. 
  
A recent study shed light on the role of BCOR in MLL-AF9-related leukemia (Schmidt et al., 2020). 
Overexpressing MLL-AF9 mutant incapable of binding to BCOR (without interfering with binding 
to AF4, DOTL1 and CBX8) led to sustained in vitro proliferation and immortalization. Strikingly 
however, the cells failed to induce leukemia upon transplanting into recipient mice, as shown by 
complete lack of mice death over 4-month monitoring period. In contrast, around 70% of mice 
transplanted with wild-type MLL-AF9 died of leukemia. This shows the critical role for MLL-AF9 
and BCOR (PRC1.1) interaction in leukemogenesis. Last but not least, interfering with PRC1.1 
integrity by USP7 inhibition led to impairment of MLL-AF9-expressing leukemic cell growth and 
increased survival of transplanted animals (Maat et al., 2021). 
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Figure 2. Interplay between MLL-AF9 and Polycomb complexes in t(9;11) leukemias. MLL-AF9 interacts directly 
with DOTL1 and AF4 (SEC), leading to H3K79me3 deposition and phosphorylation of the RNA Pol II at target sites, 
respectively. This results in MLL-AF9 target gene upregulation. Recent work reports the involvement of the Polycomb 
group of proteins in MLL-AF9-related leukemogenesis. PRCs’ action goes beyond aberrant target gene activation, as 
they have been implied in promoting self-renewal, inhibiting differentiation and blocking apoptosis. Additionally, 
some Polycomb-related proteins might function outside of these complexes, as shown for CBX8. 

Role of PRC2 variations in leukemia 
Polycomb repressive complex 2 (PRC2) comes in two types, PRC2.1 and PRC2.2, depending on 
the different partners binding to the core components (Fig. 1A). There are 4 core components, 
namely EZH1/2, SUZ12, EED and RBBP4/7. EZH1/2 belong to the family of methyltransferases and 
are responsible for depositing the H3K27me1/me2/me3 mark. SUZ12, EED and RBBP4/7 bind 
DNA/RNA, H3K27me3 and histones, respectively. In the hematopoiesis context, PRC2.2 (which is 
formed by the core components together with JARID2 and AEBP2) was postulated to function 
mostly in HSCs, ensuring self-renewal and proliferation and allowing differentiation (Kinkel et al., 
2015). PRC2.1 (with PCL and either EPOP or PALI1/2) takes part in proper myeloid lineage 
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commitment (Rothberg et al., 2018). Recently, PCL3/PHF19-containing PRC2.1 was also 
implicated in proper maintenance of HSCs pool and their differentiation. Our lab showed that 
Phf19 depletion led to, amongst other defects, anterior-to-posterior homeotic transformation 
and increased HSC numbers at the embryonic stage. However, when mice got older, they 
displayed the opposite, a decrease in HSC pool, and splenomegaly was reported. HSCs were more 
quiescent and failed in serial transplant assay, and transcriptomic analysis revealed that Phf19 
KO induced HSCs aging (they resembled HSCs of old animals) (Vizán et al., 2020). 

Unlike PRC1, Polycomb repressive complex 2 has been studied in the context of MLL-AF9-related 
leukemia more as a whole, focusing on the core components, such as EZH1/2, SUZ12 and EED. 
This provided critical insight into the role of PRC2, but is not sufficient to differentiate deeper 
between the different variants (Fig. 2). 

The crucial role of PRC2 complexes was shown in knockdown studies, where depletion of one of 
the core PRC2 components, SUZ12, had an growth inhibitory effect on the MLL-AF9-expressing 
cells (Shi et al., 2013). A comparable result was achieved with another core subunit, EED. Its 
knock-down (Shi et al., 2013) or complete genetic KO (Danis et al., 2015; Neff et al., 2012), 
induced proliferation block and cell differentiation. 

The compensation between protein isoforms could be clearly observed in research focusing on 
the catalytic PRC2 component, EZH1/2 methyltransferase. Only targeting both severely impaired 
leukemic cells (Kim et al., 2013; Shi et al., 2013; Xu et al., 2015), whereas Ezh2 depletion alone 
led to much milder phenotypes (Neff et al., 2012; Shi et al., 2013; Tanaka et al., 2012). While the 
general EZH1/2 targeting approach is carried out by either mRNA silencing (Shi et al., 2013) or 
inhibition of the catalytic activity (Xu et al., 2015), Kim and colleagues (Kim et al., 2013) applied 
an alternative strategy. By using small peptides containing the Eed-binding-site of Ezh2, that 
outcompeted both Ezh1 and Ezh2 in Eed binding, they were able to specifically disrupt the PRC2 
complex. Small molecule inhibitors can be non-specific and lead to significant off-target effects, 
which makes the use of small peptides an interesting alternative approach for possible 
therapeutic applications. Furthermore, EZH2 was found to be an active participant in the MLL-
AF9-induced cell differentiation block (Thiel et al., 2013). In fact, the authors showed that MLL-
AF9, through its cofactor Menin, induces EZH2 upregulation. Subsequently, EZH2 interacts with 
CEBPA and causes the silencing of CEBPA target genes, crucial for differentiation (e.g. MCFSR, 
Fig.2).   

The aforementioned studies reaffirm the crucial importance of PRC2 in MLL-AF9-related 
leukemia, with one of its roles being the targeted silencing of tumor-suppressor genes, such as 
Cdkn2a and Egr1. In fact, it was shown that Cdkn2a KO was able to partially rescue the Eed KO 
both in vitro and in vivo (Danis et al., 2015). Whether MLL-AF9 requires PRC2 to modulate its 
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target genes is still under debate, as contradicting results have been reported (Danis et al., 2015; 
Shi et al., 2013; Tanaka et al., 2012). 

Here a potential functional overlap and cooperation between PRC1 and PRC2 complexes can be 
observed, as both seem to take part in targeting the Cdkn2a locus. Furthermore, similarly to 
PRC1, PRC2 also seems to differ significantly in normal and leukemic cells. 
  
Outlook 

From the research carried out so far, a picture emerges placing Polycomb complexes as key 
players involved in t(9;11)-related leukemias. The change in the cell environment, from normal 
to leukemic, is linked with changes in PRC1/2 composition and subsequently their different 
occupancy in the genome. It is still unclear however, whether this change induces changes in 
Polycomb complexes, or the other way around, as well as the underlying mechanisms regulating 
Polycomb complexes’ assembly. Nevertheless, in MLL-AF9-expressing leukemic cells, Polycomb 
complexes act mainly as silencers of tumor suppressor genes, with CDKN2A as the flagship 
example. Furthermore, PRC1 and (likely) PRC2 cooperate with MLL-AF9 to induce target gene 
activation. The fact that normal and malignant cells respond differently to depletion of particular 
Polycomb subunits could potentially have therapeutic applications, although future in-depth 
studies will be required in order to achieve this goal.  
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