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Abstract

Overexpression of the oncogene MYBL 2 (B-Myb) is associated with increased cell proliferation
and serves as marker of poor prognosis in cancer. However, the mechanism by which B-Myb alters
the cell cycle is not fully understood. In proliferating cells, B-Myb interacts with the MuvB core
complex including LIN9, LIN37, LIN52, RBBP4, and LIN54, forming the MMB (Myb-MuvB)
complex, and promotes transcription of genes required for mitosis. Alternatively, the MuvB core
interacts with Rb-like protein p130 and E2F4-DP1 to form the DREAM complex that mediates
global repression of cell cycle genes in GO/G1, including a subset of MMB target genes. Here, we
show that overexpression of B-Myb disrupts the DREAM complex in human cells, and this
activity depends on the intact MuvB-binding domain in B-Myb. Furthermore, we found that B-
Myb regulates the protein expression levels of the MuvB core subunit LIN52, a key adaptor for
assembly of both the DREAM and MMB complexes, by a mechanism that requires S28
phosphorylation site in LIN52. Given that high expression of B-Myb correlates with global loss of
repression of DREAM target genes in breast and ovarian cancer, our findings offer mechanistic
insights for aggressiveness of cancers with MYBL2amplification, and establish the rationale for
targeting B-Myb to restore cell cycle control.
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Introduction

Since its discovery in 1988, several studies have established MYBLZ2 (encoding B-Myb) as a
clinically important oncogene 2 41, Indeed, MYBL2is part of the Oncozype DX® screening
panel and validated DCIS (Ductal Carcinoma /n siti) Score™, used to predict the risk of
local recurrence in patients with breast cancer 1 36, However, the specific cellular
mechanisms of B-Myb’s oncogenic activities are not fully understood.

Previous studies characterized B-Myb as a transcription factor involved in cell cycle
regulation and expressed in proliferating cells 24, The essential role of B-Myb for cell
proliferation is evidenced by failure of inner cell mass formation and embryonic death of
MYBL 2knock-out mice 39. Oncogenic functions of B-Myb have been attributed to its
transcriptional activity, resulting in deregulated cell cycle gene expression 12 23. 33 Stydies
in Drosophilaand human cells revealed that B-Myb regulates transcription of developmental
and cell cycle genes as part of an evolutionarily conserved multi-subunit protein complex,
which shares common subunits with DNA-binding complexes formed by retinoblastoma
(RB) family members 7 30, In Drosophila, Myb functions as part of the (REAM (RB, E2F,
and Myb) complex that includes five proteins homologous to the products of the C. elegans
multi-vulva class B (MuvB) genes: LIN9, LIN37, LIN52, LIN53/RBBP4 and LIN54 16. 17,
In the mammalian cell cycle, the orthologous DREAM (DP, RB-like, E2F, and MuvB)
complex does not include Myb, and promotes cell cycle exit by repressing more than 800
cell cycle genes (including MYBL2) in quiescent cells (Fig. 1A) 18:27.34 Interestingly,
although pRb does not interact with the MuvB core, which only accommodates RB-like
p130 or p107 2 18, this tumor suppressor functionally cooperates with DREAM in
establishing and maintaining quiescence 22, DREAM is assembled in GO/G1 and depends on
DYRK1A (dual-specificity tyrosine-phosphorylation regulated kinase 1A) phosphorylation
of LIN52 (MuvB subunit) at serine 28 (S28) for bringing together p130 and the MuvB
core!®. Upon cell cycle progression, p130 is phosphorylated by cyclin-dependent kinases
(CDKs) and dissociates from MuvB °. In the S phase, MuvB binds B-Myb, forming the
MMB (Myb-MuvB) complex that cooperates with FOXML1 transcription factor to activate
G2/M gene expression 4 29, Importantly, LIN52 is required for MuvB to bind B-Myb,
making LIN52 an essential component of both the DREAM and MMB complexes 9. Unlike
DREAM, LIN52 binding to B-Myb is independent of S28 phosphorylation. Interestingly, the
Drosophila AREAM complex includes the Myb and RB proteins together with MuvB,
whereas the mammalian DREAM and MMB complexes exist in a cell cycle-dependent,
mutually exclusive manner 1 17. 18,27 An jn vitro study with reconstituted human
complexes demonstrated that both B-Myb and p130 could simultaneously bind to MuvB,
suggesting that their mutually exclusive binding /in vivo is not due to structural constraints °.

Studies of DREAM disruption by genome editing show that DREAM-deficient cells have
abnormal binding of B-Myb to MuvB and loss of DREAM target gene repression under the
conditions of GO/G1 cell cycle arrest & 22, Since B-Myb overexpression also deregulates the
cell cycle 3132 \we investigated whether B-Myb, when over-expressed, could play a causal
role in disrupting DREAM. Our data shown here support the regulation of DREAM by B-
Myb as a potential mechanism for the cell cycle defects observed in cancers with high B-
Myb levels. Furthermore, we demonstrate that increased expression of B-Myb disrupts
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DREAM by compromising recruitment of LIN52 to the complex, and describe the
regulation of LIN52 expression by B-Myb. These findings implicate global cell cycle
deregulation by disrupting the DREAM repressor function as a means by which B-Myb
exerts its oncogenic effects and promotes cancer progression.

B-Myb inhibits DREAM assembly in non-transformed human fibroblasts

B-Myhb overexpression is associated with a proliferative phenotype, which could be due to
loss of DREAM function. Therefore, we assessed the effect of B-Myb gain of function on
DREAM formation by expressing HA-B-Myb in non-transformed human fibroblasts
immortalized with hTERT (BJ-hTERT) 1119, We first measured the proliferation rate of
cells expressing HA-B-Myb compared to control cells expressing HA-GFP, using an ATP-
dependent metabolic assay 21. As expected, BJ-hTERT cells expressing HA-B-Myb
exhibited a significantly greater proliferation rate than controls (Fig. 1B). We then
determined the effect of high B-Myb levels on DREAM assembly. While both the LIN37-
p130 complexes (specific to DREAM) and LIN37-B-Myb complexes (corresponding to
MMB) were present in the asynchronously cycling control cells, B-Myb overexpression
resulted in almost no detectable p130 co-precipitating with LIN37. To clarify the effect of B-
Myb on DREAM, we serum starved these cells to induce DREAM formation. As expected,
DREAM formation increased in serum-starved control BJ-hTERT cells. Although B-Myb
overexpressing cells formed p130/LIN37 complexes, DREAM levels were significantly
diminished with HA-B-Myb expression (Fig. 1C, D). This result suggests that even in the
presence of high B-Myb, DREAM disassembly remains partially dependent on
environmental factors. Similar findings were obtained under alternative growth arrest
conditions with palbociclib (CDK4/6 inhibitor) treatment (Fig. S1A, B). Therefore, although
we previously showed that p130 and B-Myb could simultaneously bind to MuvB 9, here we
observed that overexpression of B-Myb in non-transformed cells results in MMB formation
under conditions that normally favor DREAM assembly.

B-Myb requires binding to MuvB for DREAM disassembly

B-Myb overexpression did not affect the interaction between LIN37 and MuvB proteins
LIN9 and LIN52. However, we noted an increased abundance of LIN9 and LIN52 proteins
in the non-starved B-Myb overexpressing BJ-hTERT cells compared to control (Fig. 1C, E).
This could be attributable to transcriptional regulation, as DREAM binds to L/N9and
LIN52promoters 8. In line with DREAM-mediated repression, RT-qPCR analysis confirmed
downregulation of LIN9 and LIN52 mRNA with serum starvation. In non-starved cells, HA-
B-Myhb was significantly associated with increased L/N9and L/N52 expression, a trend also
observed with both genes in the serum starved state (Fig. S1C, D). Given a modest 1.5-fold
increase of L/N52mRNA levels in the presence of HA-B-Myb, we measured LIN52 protein
stability in BJ-hTERT cells using cycloheximide (CHX) chase assays and found that it was
more abundant after 10h of CHX treatment in the HA-B-Myb-expressing cells as compared
with control (Fig. S1F). Since LIN52 is a MuvB component essential for formation of both
DREAM and MMB, we further investigated the effect of B-Myb overexpression on LIN52.
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In addition to increased expression, we noted alterations in the relative abundance of S28-
phosophorylated and un-phosphorylated LIN52 in the presence of HA-B-Myb (Fig. 1C, E).
We have previously shown that slower migrating form of LIN52 appears when this protein is
phosphorylated at S28 by DYRK1A kinase 1°. Using a phospho-specific antibody, we
confirmed that relative abundance of S28-phosphorylated LIN52 was decreased in the
presence of HA-B-Myb and not associated with changes in DYRKZ1A level or kinase activity
(Fig. 1E, S1E), suggesting that B-Myb could inhibit DREAM assembly by interfering with
the key phosphorylation event required for MuvB binding to p130 6. To test the importance
of MuvB binding for B-Myb-mediated DREAM disruption and regulation of LIN52, we
compared BJ-hTERT cell lines expressing either wild-type HA-B-Myb or a MuvB-binding
deficient (MBD) mutant Q674A/M677A-B-Myb 10. As shown in Fig. 1F, DREAM assembly
and LIN52 protein expression were unaffected by the presence of MBD HA-B-Myb,
suggesting that MuvB binding is essential for these effects.

To further validate and characterize the effect of B-Myb on DREAM assembly, we used
T98G glioblastoma cells because they have been studied extensively in cell cycle research,
including initial characterization of DREAM and MMB 18, Although this cancer cell line
lacks MYBL2amplification, T98G cells express readily detectable levels of B-Myb (unlike
BJ-hTERT), making them amenable to both loss and gain of function studies of B-Myb
18,19, 31,38 gjmilar to BJ-hTERT cells (Fig. 1C, F), expression of wild-type B-Myb, but not
the MBD mutant resulted in decreased DREAM assembly (Fig. 2A). Consistent with this
result, we observed that the endogenous LIN52 protein was more abundant and relatively
less phosphorylated in the presence of HA-B-Myb than in parental T98G cells, or the cells
expressing MBD HA-B-Myb (Fig. 2B). These findings reinforced the important role of B-
Myb-MuvB binding not only for DREAM disruption, but also for influencing LIN52
protein, and led us to further investigate regulation of LIN52 as a novel mechanism by which
B-Myb impacts cell cycle gene expression.

LIN52 expression is controlled at the protein level

Since B-Myb disrupts DREAM and also increases LIN52 protein abundance, we tested
whether DREAM assembly is influenced by ectopic overexpression of LIN52 alone.
However, analysis of T98G cells stably expressing LIN52-V5, HA-B-Myb, or both, showed
no substantial impact of ectopically expressed LIN52 on DREAM assembly (Fig. 2C).
Furthermore, LIN52-V5 appeared to replace endogenous LIN52 from LIN37 complexes,
likely because of decreased endogenous LIN52 expression in the presence of LIN52-V5
(Fig. 2D). RT-gPCR analysis with primers specific for endogenous LIN52 mRNA revealed
no significant changes in the presence of LIN52-V5, indicating that LIN52 downregulation
occurs at the protein level (Fig. 2E). In support of LIN52 regulation at the protein level,
expression of GFP-LIN52 fusion protein was markedly reduced, compared with the GFP-
only control, despite similar expression of control dsRed protein produced from the same
mRNA transcript using Global Protein Stability (GPS) expression vectors (Fig. S2) 44. This
prompted us to assess the stability of both endogenous and ectopically expressed LIN52
using CHX chase assays. We noted that both endogenous and ectopically expressed LIN52
proteins were both markedly depleted after 3h of CHX treatment (Fig. 2F), suggesting that
LIN52 was less stable in T98G cells than in BJ-hTERT (Fig. S1F). We were not able to
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estimate the turnover rate of endogenous LIN52 in LIN52-V5-expressing cells because of its
low expression. Of note, we did not observe significant degradation of MuvB protein LIN37
under these conditions.

To further validate our finding that B-Myb regulates LIN52 protein expression, we altered
B-Myb levels in T98G cells stably expressing LIN52-V5. As in case of endogenous LIN52,
overexpression of B-Myb resulted in increased expression of the LIN52-V5 protein in T98G
cells (Fig. 2G). Furthermore, siRNA knockdown of B-Myb led to downregulation of LIN52-
V5 as well as the endogenous LIN52 protein (Fig. 2H). To determine the biological
relevance of our findings, we monitored changes in LIN52 abundance and phosphorylation,
in the context of the MuvB core, during cell cycle progression. T98G cells were
synchronized in GO/G1 by serum deprivation, then released into the cell cycle by serum re-
stimulation, and collected at different time points for LIN37 IP. As shown in Fig. 2I,
appearance of the faster migrating (un-phosphorylated) form of LIN52 increased co-
incidentally with loss of p130 and accumulation of B-Myb in the LIN37
immunoprecipitates, consistent with B-Myb’s effect on LIN52 phosphorylation. Together,
our data presented above show that B-Myb is able to disrupt DREAM assembly when highly
expressed, and support the role of B-Myb in regulation of LIN52 expression at the protein
level.

Regulation of LIN52 stability by B-Myb requires intact S28 residue

We then examined the relative effects of B-Myb expression and S28 phosphorylation on
LINS52 protein stability in a series of quantitative CHX assays by comparing the effect of B-
Myb on wild-type LIN52 and non-phosphorylatable S28 A-LIN52 mutant using established
T98G cell lines 1°. The S28A mutation abolishes the DYRK1A-phosphorylation site
essential for DREAM formation without interfering with the MMB complex assembly .
Using CHX assays, we determined that the half-life of wild type LIN52-V5 in T98G cells
was approximately 3h (Fig. 3A, B). Using MG132 together with CHX blocked the
degradation of LIN52-V5 in this assay, suggesting that LIN52 degradation involves the
proteasome. As expected, expression of HA-B-Myb in these cells resulted in significant
stabilization of ectopically expressed LIN52-V5 by approximately 40% (Fig. 3A, C).
Interestingly, the LIN52-S28A mutant remained significantly more abundant at the 3h time
point than wild-type LIN52-V5 (Fig. 3B). Furthermore, whereas the stability of wild-type
LIN52-V5 was significantly impacted by the presence of HA-B-Myb, stability of the S28A
mutant LIN52 remained unchanged (Fig. 3A, C). Despite this finding, we noted that there is
an apparent persistence of the upper LIN52 band over the time course of CHX treatment,
suggesting that a subset of phosphorylated LIN52 may be protected from degradation. We
also monitored levels of LIN9, LIN37 and p130 in the same CHX chase experiments, and
stability of these proteins did not show the same dependency on B-Myb as LIN52 (Fig. 3A).
Together, these data show that stability of LIN52 is regulated by B-Myb and requires an
intact S28 residue.

These conclusions were additionally supported when LIN52 stability was analyzed under the
conditions of B-Myb knock-down. Indeed, LIN52-V5 protein decayed more rapidly after
CHX treatment in T98G cells with RNAi-mediated B-Myb knock-down compared to cells
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transfected with non-targeting (NT) control siRNA (Fig. 4A, B). Here, we again found that
B-Myhb exhibits no significant effect on LIN52-S28A-V5 protein stability. Since B-Myb is
still able to bind to LIN52-S28A-V5 19, these results suggest that phosphorylation at the S28
plays a role in regulating LIN52 levels.

DYRK1A regulates LIN52 stability

Given that LIN52 phosphorylation at $28 is mediated by DYRK1A 19, we wanted to
determine the role of DYRK1A in regulating LIN52 levels. We used the CRISPR/Cas9
genome editing approach 28 to generate T98G cells devoid of DYRK1A protein (DYRK1A-
KO) (Fig. S3). To validate the specificity of DYRK1A as S28-LIN52 kinase, we performed
an /in vitro kinase assay with extracts from T98G parental and DYRK1A KO cells using WB
detection of pS28-LIN52 as readout. As shown in Fig. 5A, S28-LIN52 Kkinase activity was
greatly diminished in T98G DYRKZ1A KO cells compared to control. LIN52 was expressed
at higher steady-state levels and appeared in a predominantly un-phosphorylated form in
DYRKZ1A-KO cells or in T98G cells treated with a DYRK1A kinase inhibitor, harmine 3
(Fig. 5B). Phosphospecific WB confirmed a substantial reduction in S28-phosphorylated
LIN52 with either harmine treatment or DYRK1A KO. The remaining pS28-LIN52 in
DYRKZ1A-inhibited cells could be due to phosphorylation by alternative LIN52 kinases,
such as CDKs 14, Additionally, DYRK1B, a homologue of DYRK1A that is less abundant in
T98G cells, could partly compensate for the lack of DYRK1A in KO cells 19,

We then performed CHX chase experiments and showed that the stability of endogenous
LIN52 is enhanced when DYRKZ1A is absent or inhibited by harmine (Fig. 5C, D). RT-gPCR
analysis revealed a modest increase in LIN52 mRNA expression when DYRK1A is knocked
out or inhibited (Fig. 5E), suggesting that LIN52 is also regulated by DYRKZ1A at the level
of transcription. Taken together, our data demonstrate that LIN52 is regulated at the protein
level, and that DYRK1A-dependent phosphorylation is involved in the control of LIN52
stability.

Model of B-Myb-mediated DREAM disruption in cancer

Finally, we sought to apply our model of B-Myb-mediated DREAM disruption to clinically
relevant cancer models, such as SKOV3 serous ovarian carcinoma cells known to harbor
MYBL 2 gene amplification 2. As shown in Fig. 6A, B-Myb knock-down resulted in
downregulation of LIN52, as we observed previously in T98G cells expressing LIN52-V5
(Fig. 2H). Asynchronously growing SKOV3 cells contain low steady state levels of
DREAM, and a robust increase of DREAM formation was detected after RNAi-mediated
knock-down of B-Myb (Fig. 6B and6C). RT-gPCR analysis shown in Figure 6D confirms
the knockdown of MYBLZ, as well as a decreased expression of a known MMB-target gene
CCNB25. Importantly, this analysis also revealed decreased expression of a representative
DREAM-only target gene (FOXMJ), in agreement with the observed increase of the
DREAM formation (Fig. 6C). LIN52 mRNA levels were not significantly influenced by
depletion of B-Myb, further supporting the conclusion that B-Myb regulates LIN52
predominantly at the protein level.
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To further investigate the functional relationship between B-Myb level and regulation of cell
cycle dependent transcription, we analyzed gene expression data from The Cancer Genome
Atlas (TCGA). We first looked at the MYBL 2 gene expression across all cancers and the
corresponding normal tissue samples, when available. As previously reported, the MYBL2
gene was overexpressed in multiple cancer types (Fig. S4A). For further analysis of
transcriptome changes associated with high M YBLZ2 expression, we chose to focus on high
grade serous ovarian carcinoma (HGSOC), since MYBLZ2 gene copy number gain is present
in 55% of the TCGA HGSOC samples and associated with a poor prognosis (data not
shown) 49, Similar analyses were conducted in parallel for breast cancer, for which the
significance of B-Myb overexpression is well-documented > 13.37. 41 \\k first validated that
MYBLZ2genomic amplification correlated with increased B-Myb mRNA expression (Fig.
S4B, C) as well as with significant up-regulation of cell cycle regulated genes (Table S1, S2)
then proceeded to characterize the most differentially expressed genes between tumor
samples with high and low MYBLZ2expression levels. As expected, we found that most
differentially expressed genes in both cancer types were highly enriched in functional gene
ontology categories representing cell cycle processes. Furthermore, both MMB and DREAM
target genes were overrepresented among the most differentially expressed genes in the
high-MYBL 2 samples (Fig. SAC, D), and high B-Myb levels were associated with increased
MMB and DREAM target gene expression. Remarkably, the top 50 upregulated genes
associated with high MYBLZ2in breast cancer analysis, and top 49 genes in HGSOC, have
been previously annotated as DREAM target genes identified in global location studies 6: 18,
Since MMB does not regulate some of these genes directly, this finding supports the model
whereby B-Myb-mediated DREAM disruption plays a role in deregulation of cell cycle gene
expression program in cancers with high B-Myb expression (Fig. 6E, F). Overall, our data
support a model by which B-Myb accumulation during cell cycle progression or due to
overexpression in cancer interferes with LIN52 phosphorylation at S28 by DYRK1A kinase
that is required for the DREAM assembly. This leads to increased LIN52 abundance and
stability, while also disrupting DREAM assembly, so that more MMB complex is formed,
ultimately resulting in compromised repression of DREAM-target genes (Fig. 7).

Discussion

The DREAM and MMB complexes share the common MuvB core and appear to assemble
in a mutually exclusive manner during mammalian cell cycle progression 7+ 30, Several
studies demonstrated that the DREAM and MMB complexes exist during different stages of
the cell cycle with minimal overlap during the G1-S transition 18:19.27.29 |t was also shown
that release of the MuvB core from DREAM requires cyclin-CDK phosphorylation of
DREAM components and that chemical inhibition of either CDK4 or CDK2 stabilizes the
DREAM under the conditions of cell cycle re-entry 2 26, However, since B-Myb was not
expressed in CDK-inhibited cells, it was unclear whether B-Myb could play an active role in
DREAM disassembly. Here we show that DREAM is disrupted in human cells when B-Myb
is highly expressed and is able to bind to MuvB core. Given our previous observation and
studies in Drosophilathat both RB-like protein and B-Myb can simultaneously associate
with MuvB, we do not propose that p130 and B-Myb compete for LIN52 binding ® 15.
Alternatively, we suggest that B-Myb promotes DREAM disassembly by inhibiting LIN52
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phosphorylation. LIN52 is then stabilized for formation of additional MMB complexes that,
in turn, are required to facilitate transcription of the duplicated genome after DNA
replication is complete in late S-G2 phases. In this model, CDKs and B-Myb could
cooperate to establish a positive feedback loop to disrupt the DREAM and relieve the E2F-
mediated repression of cell cycle genes.

We found that levels of LIN52 and LIN9 in the cell are tightly controlled and regulated by
B-Myb, both directly by transcription of mMRNA and, in case of LIN52, also at the post-
transcriptional level. Regulation of LIN52 by B-Myb is especially interesting given its role
as the key MuvB component required for assembly of both DREAM and MMB. We observe
that LINS2 is tightly regulated at the protein level and ectopic LIN52 expression results in
increased turnover of the protein by both proteasome-dependent and independent
mechanisms. We have previously demonstrated that the phosphorylated S28 residue plays a
key role in direct binding of LIN52 to p130, required for DREAM assembly % 19, Our
observation that overexpression of B-Myb in human cells promotes accumulation of un-
phosphorylated LIN52 could partly explain the increased stability of LIN52 protein in the
presence of highly expressed B-Myb. In support of this mechanism, unlike the wild-type
LIN52, changes in B-Myb level do not impact the stability of LIN52-S28A. It remains to be
established how B-Myb can interfere with LIN52 phosphorylation and degradation. B-Myb
could stabilize LIN52 by regulating expression of proteins that degrade or stabilize LIN52,
or by recruiting a phosphatase that will remove the LIN52 phospho-S28 mark. It is also
possible that steric hindrance by B-Myb could block DYRK1A’s access to the S28 site in
LINS52. In our study, inhibition of S28A LIN52 phosphorylation consistently resulted in
accumulation of total LIN52 protein. However, given the continued presence of the slower
migrating form of LIN52 in CHX chase assays, phosphorylation state does not completely
account for LIN52 protein regulation. Therefore, further studies are needed to investigate
these mechanisms.

This study also provides important insights into subunit interactions within the MuvB
complex. Here, LIN52 appears to have shorter half-life than LIN9 or LIN37, possibly
because of its special regulatory role. Indeed, LIN52 is required for both DREAM and MMB
formation and makes direct contact with both p130/p107 and B-Myb (° and 19). Therefore,
changes in LIN52 levels will influence the overall functional integrity of MuvB core. This is
supported by diminished co-immunoprecipitation of MuvB complex components when
LINS2 is depleted by shRNA 1. However, other studies have shown that LIN37 and LIN54
are also downregulated when LIN9 is depleted, suggesting a possibility that some of MuvB
subunits need to co-fold together during translation 34, This is supported by our observation
that expression of LIN52-GFP fusion protein was not rescued to the GFP-control level by
inhibition of proteasome. It will be interesting to determine whether this phosphorylation-
independent mechanism controlling LIN52 stability could involve cellular chaperone
complexes, such as CCR4-NOT, that mediate degradation of misfolded proteins 43. A recent
study found that in the LIN37 knockout cells, the remaining MuvB subunits were normally
expressed and formed a complex capable of binding to either p130, or B-Myb, and while the
MMB function remained intact, the DREAM repressor function was compromised 22,
Together, these findings suggest that the abundance of MuvB core could be important for its
biological functions, for example to ensure the specificity of binding to the promoter sites,

Oncogene. Author manuscript; available in PMC 2019 March 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Iness et al.

Page 9

and needs to be tightly regulated. In the future, it will be interesting to investigate the
consequences of failure to maintain the proper levels of MuvB core subunits in the cell.

B-Myhb is overexpressed in many types of cancer and is recognized as a poor prognostic
factor, but the known role of B-Myb as a transcription factor required for mitotic progression
does not fully explain its established association with a more aggressive cancer phenotype.
Our finding that B-Myb disrupts the DREAM complex in cells could explain why high
expression of B-Myb leads to de-repression of DREAM cell cycle gene targets in human
cancers (Fig. 6D, E). B-Myb expression in cancers could be upregulated due to a MYBL2
gene copy number gain or amplification 41. Since MYBL2itself is a DREAM target gene,
this might create a positive feedback loop in which increased B-Myb expression perpetuates
DREAM disruption and further loss of transcriptional regulation. Several of the MMB
downstream targets upregulated in late S-G2 phases of the cell cycle, such as Aurora kinase
A, Polo-like kinase 1 and others have been proposed for developing anti-cancer therapies 12.
Better understanding of the mechanisms that bring about high expression of these genes in
cancer will be important to inform the future pre-clinical and clinical studies and to optimize
patient stratification. Overall, we have shown a novel model describing some of the
molecular processes underlying deregulated cell cycle gene expression in cancers with B-
Myb amplification or overexpression. These findings argue that B-Myb is not only a
negative prognostic factor through increased MMB formation and activation of the mitotic
gene expression program, but also through decreased DREAM assembly and loss of
repression of more than 800 cell cycle-regulated genes. Further studies with tumor samples
are needed to validate our model in patients and evaluate methods of targeting B-Myb to
restore cell cycle control.

Materials and Methods

Cells

T98G and SKOV3 cell lines were purchased from ATCC and used at low passage (<10) with
routine mycoplasma testing. T98G cells stably expressing V5-tagged LIN52 or LIN52-S28A
and BJ-hTERT cells were previously described 18 19, T98G and BJ-hTERT cells were
infected with a HA-FLAG-B-Myb (WT) or MuvB-binding deficient mutant B-Myb
(Q674A/M677A) retroviruses produced using pMSCV-Puro vector, and selected on 1 pg/ml
puromycin 18:19. T98G DYRK1A KO cells were established using GeneArt CRISPR
nuclease vector with OFP reporter (Life Technologies) harboring a DYRK1A-specific
guiding RNA sequence (Supplemental data and Table S3). For cell proliferation assay, 3,000
cells were plated per well of a 96-well plate, and luminescence was measured using ATPLite
kit (PerkinElmer) at days 3 and 5. Invitrogen RNAIMAX™ was used for transfections of
Ambion® Silencer® Select MYBL2 (s9117 and $9118), DYRK1A (s4399) and Negative
Control No. 1 (4390843) siRNA oligonucleotides. Transfections of plasmid DNA were
performed using polyethylenimine 29,

Immunoprecipitations and Western blots

Antibodies for MuvB complex components LIN9, LIN37, LIN52 and pS28-LIN52 were
previously described 18 19, Commercially available antibodies are listed in Table S4. For
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IP/WB assays using rabbit antibodies, Reliablot® Western blot kit (Bethyl Inc.) was used for
detection. Protein band densities were quantified using ImageJ software and statistically
analyzed by Student’s two-tailed t-test to compare means of 3 biological repeats 3°.

PCR

RNA was isolated using TRIzol reagent (Invitrogen) and used to synthesize cDNA using
SensiFAST™ kit (Bioline). gPCR with Maxima SYBR Green/ROX master mix
(ThermoFisher) and gene specific primers (Table S5) was performed using Applied
Biosystems 7900HT. Fold changes in mRNA expression relative to controls were calculated
using the 2AACt methodology.

In vitro kinase assay

Biostatistics

Cell extracts from control and DYRK1A-KO T98G cells, or BJ-hTERT cell lines (3 mg/ml)
were prepared using EDTA-free EBC buffer 18. 19 supplemented with phosphatase
inhibitors, 2 mM DTT, 10 mM MgCI2, 10 mM MnCI2 and 200 uM ATP, and incubated at
30°C with 6 ng/ul GST-LIN52 in a 100 pl reaction volume. Reactions were terminated by
adding SDS-PAGE loading buffer and heating at 95°C for 10 min, and analyzed by WB.

To calculate statistical significance, data from at least 3 biological replicates was analyzed
using two-tailed Student’s t-test. For TCGA data analysis, open access gene copy humber
and expression data was obtained as described in Supplemental data section. For differential
expression analysis, samples in the selected cancer cohort were sorted by expression of
MYBL2. Differentially expressed genes were detected between samples in the upper 75 and
lower 25 percentiles of the expression gradient using the limma R package v. 3.32.6. P-
values were corrected for multiple testing using False Discovery Rate (FDR) method. Genes
differentially expressed at FDR < 0.01 were selected for Metascape (http://metascape.org/)
functional enrichment analysis using the latest 03—16-2017 database version #2. Top 50
genes up- and downregulated in the selected cancer were also overlapped with DREAM and
MMB targets 6 18. 29,

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of B-Myb overexpression in BJ-hTERT cells.
(A) Schema of the DREAM (repressor) and MMB (activator) complexes that use a common

MuvB core (pentagons) to regulate both unique and shared target genes (Venn diagram)
6.18,29 (B) Increased proliferation of BJ-hTERT cell line expressing HA-B-Myb compared
to HA-GFP (control). Graph shows average increase (N=3) of cell density on day 5 relative
to day 3 after plating, to account for differences in plating efficiency between the cell lines
(* - p<0.05). (C) IP/WB analysis of DREAM and MMB complexes in BJ-hTERT fibroblasts
stably expressing HA-GFP (control) or HA-B-Myh. Where indicated, cells were incubated
without serum for 48h to promote DREAM complex formation. (D) Quantification of 1C.
Relative abundance of p130 to LIN37 in B-Myb overexpressing cells was compared to that
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in the HA-GFP control cells (taken as 1). Graph shows average + stdev of four independent
experiments (** - p<0.01). (E) IP/WB analysis of BJ-hTERT cell lines stably expressing
HA-tagged GFP control, WT B-Myb, or MuvB-binding deficient mutant (MBD) B-Myb.
pS28/LIN52 ratio shows changes in pS28-LIN52 band density relative to the total LIN52
(both forms combined). Solid black arrow indicates pS28-LIN52 band here and throughout
remaining figures. Vinculin blot is shown to confirm equal loading. (F) IP/WB analysis for
DREAM/MMB assembly in BJ-hTERT cells stably expressing HA-GFP (control), HA-
tagged WT or MuvB-binding deficient mutant (MBD) B-Myhb.
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Figure 2. Effects of B-Myb and L1N52 overexpression in T98G cellsreveal regulation at the

protein level.

(A) IP/WB analysis of parental T98G cells compared with those stably expressing HA-
tagged WT or MuvB-binding deficient mutant (MBD) B-Myb. (B) WB using extracts from
the cells in A showing changes in LIN52 protein and relative abundance of pS28-LIN52. (C)
IP/WB analysis of T98G cells stably expressing LIN52-V5, HA-B-Myb, or both, compared
with control parental cells. Open arrow indicates position of the indicated proteins here and
throughout the following figures. (D) WB analysis shows downregulation of endogenous
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LIN52 in T98G cells stably expressing LIN52-V5. (E) RT-qPCR analysis with primers
specific to endogenous LIN52 mRNA reveals no significant changes in the presence of
ectopic LIN52. Graph shows average + stdev (N=3, p>0.05). (F) WB analysis of
cycloheximide (CHX) chase experiment using T98G stable cell lines expressing empty
vector or LIN52-V5. (G) WB analysis of T98G cells stably expressing LIN52-V5 alone, or
together with HA-B-Myb shows that B-Myb overexpression causes upregulation of the
ectopically expressed LIN52. (H) Same as G, only after transient knockdown of B-Myb
using siRNA. siNT, non-targeting siRNA control. (1) WB analysis of indicated proteins co-
immunoprecipitated with LIN37 during cell cycle re-entry in T98G cells. Cells were
synchronized in GO/G1 by serum starvation, released by adding 15% serum, and collected at
different time points.
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Figure 3. B-Myb overexpression in T98G cells stabilizes LIN52 but not S28A-L IN52 mutant.
(A) Representative immunoblots show CHX chase assays using T98G cells stably

expressing LIN52-V5 or LIN52-S28A-V5 proteins alone, or together with HA-B-Myb. (B,
C) Quantitative analysis of LIN52-V5 and LIN52-S28A-V5 CHX chase assays shown in
3A. In panel B, graph represents average + stdev (N=5) of LIN52 LIN52-S28A band density
in control cells without B-Myb overexpression. LIN52 band density was first normalized to
actin and then plotted relative to Oh (** - p<0.01). In panel C, graph shows the average
change in LIN52 band density at 3h compared to Oh, in the presence of HA-B-Myb relative
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to that in the control cells. Note that LIN52-V5 stability in the presence of HA-B-Myb is
significantly greater than in cells expressing LIN52-V5 alone (N=3, * - p<0.05) whereas
LIN52-S28A-V5 is not significantly affected by HA-B-Myb.
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Figure 4. Depletion of B-Myb in T98G cellsincreases turnover of LIN52 but not the S28A-L 1N52
mutant.

(A) Representative immunoblots show that RNAi knockdown of B-Myb decreases stability
of wild type LIN52, but not LIN52-S28A-V5. T98G cells stably expressing LIN52 proteins
were transfected with siNT (non-targeting) or B-Myb-specific siRNA, and used for CHX
chase assays after 36 hours. Note the relative stability of LIN9 and LIN37 compared with
that of LIN52. Asterisk indicates non-specific band. (B) Graph shows average change in
LIN52 band density at 3h compared to Oh, in siB-Myb transfected cells relative to that in
SiNT cells. Note that LIN52-V5 stability in the presence of siB-Myb is significantly lower
than in siNT-transfected cells (N=3, * - p<0.05) whereas LIN52-S28A-V5 is not
significantly affected.
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Figure 5. Phosphorylation of LIN52 by DYRK 1A at S28 regulatesits stability.
(A) /n vitrokinase assay showing LIN52 phosphorylation at S28 by DYRKZ1A kinase in

control T98G cells, but not in the DYRK1A-KO cells. GST-LIN52 was incubated with cell
extracts in the presence of ATP as indicated. Presence of LIN52 phosphorylation at S28 as
well as the total GST-LIN52 and DYRK1A, was assessed by WB. Asterisk denotes non-
specific band. (B) WB analysis of the endogenous LIN52 and pS28-LIN52 in control T98G
cells, DYRKZ1A knockout (KO) cells, or cells after harmine inhibition of DYRKZ1A kinase
activity. (C, D) CHX chase assays show that endogenous LIN52 protein is more stable in
DYRKI1A-KO cells or in harmine-treated cells, as compared to control. (E) RT-gPCR
analysis reveals a modest increase in LIN52 mRNA expression when DYRK1A is inhibited,
as compared to control cells. Graph shows average + stdev (N=3, * and ** correspond to p-
value <0.05 and <0.01, respectively).
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Figure 6. Effect of B-Myb on the DREAM complex function in cancer cells.
(A) WB analysis of the extracts from siRNA-transfected SKOV3 cells shows decreased

expression of LIN52 in B-Myb-depleted cells compared to control. (B) IP/WB analysis
shows increased binding of p130 to LIN37 (indicative of DREAM formation) in SKOV3
cells transfected with B-Myb-specific sSiRNA compared to control cells. (D) Quantification
of 6B. Relative abundance of p130 to LIN37 in siB-Myb transfected cells was compared to
that in the siNT treated control cells (taken as 1). Graph shows average + stdev of three
independent experiments (* - p<0.05). (D) RT-gPCR analysis shows decreased expression of
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FOXM1 (DREAM target) and CCNB2 (DREAM and MMB target) genes upon B-Myb
knockdown in SKOV3 cells. Graph shows average + stdev of three independent experiments
(* - p<0.05). (E, F) DREAM and MMB target genes are significantly upregulated in breast
and ovarian cancers with high B-Myb expression (Fisher’s exact test p-values 1.27102 and
0.0065, respectively). Top 50 up-regulated genes in TCGA gene expression dataset of breast
and ovarian cancer tumors with high expression of B-Myb are shown (X2 with Yates
correction p<0.001). Genes were annotated as DREAM or MMB targets using http://
www.targetgenereg.org .
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Figure 7: Model of opposing regulation of DREAM by B-Myb and DY RK 1A.
High expression of B-Myb or inhibition of DYRKZ1A can interfere with DREAM assembly

by promoting accumulation of un-phosphorylated LIN52, resulting in deregulation of cell
cycle expression in cancer.
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