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Abstract

Overexpression of the MY C oncoprotein is an initiating step in the formation of several cancers.
MY C frequently recruits chromatin-modifying complexes to DNA to amplify the expression of
cancer-promoting genes including those regulating cell cycle, proliferation, and metabolism, yet
the roles of specific modifiers in different cancer types are not well defined. Here we show that
GCN5 is an essential coactivator of cell cycle gene expression driven by MYC overexpression and
that deletion of Gen5 delays or abrogates tumorigenesis in the Ep-Myc mouse model of B cell
lymphoma. Our results demonstrate that Gen5 loss impacts both expression and downstream
functions of MYC.
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Introduction

The balance between the activities of lysine deacetylases (KDACSs) and lysine
acetyltransferases (KATs) during development is important in the establishment of gene
transcription programs required for proper formation of an organism. This balance is also
important in disease states that reflect failures in development, including cancers. Histone
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lysine deacetylase (HDAC) inhibitors have been used in clinical trials to treat certain types
of cancer by modifying the expression or stability of tumor suppressors and oncogenes as
well as regulating cell cycle and cell death, albeit with very little success (1), indicating that
this therapy may not be appropriate for all cancer types (2). Recent studies indicate that
lysine acetyltransferases may provide alternative targets for cancer therapies (3).

The lysine acetyltransferase Genb is conserved from yeast to humans. Genb5 participates in
two major chromatin modifying complexes, the Spt-Ada-Gen5 acetyltransferase (SAGA)
complex and the ATAC complex. Both complexes are recruited to chromatin by
transcriptional activators, and Gen5 acts as a co-activator (4) of gene transcription by
acetylating histones and other proteins (5-7). Genb is essential for normal embryonic
development in mice (8-10) and it is important as a co-activator for c-Myc in regulating c-
Myc target genes in embryonic stem cells and during reprogramming of somatic cells to
pluripotency (11). MYC is also a substrate of GCN5 acetyltransferase activity (12); its
acetylation of lysine (K) 323 increases MYC stability.

We recently demonstrated that inhibition of GCN5 activity in human Burkitt lymphoma cells
in vitro reduces viability and induces apoptosis by reducing MY C expression (13). MYC is
the primary driver of the formation of Burkitt lymphoma as well as other B cell
malignancies such as diffuse large B cell lymphoma (DLBCL). The primary role for MYC
in these cancers is to amplify expression of genes that promote proliferation and growth
(14,15). MYC has been reported to work with multiple histone acetyltransferases, including
Gcenb, Tip60 (16,17), and CBP (18) to activate its gene targets in cancers as it does in
developmental settings. Whether particular HATSs are important for specific Myc-driven
functions is not yet clear.

In this study we sought to elucidate whether Gen5 cooperates with Myc to induce the
formation of lymphoma using an /n vivo model, the Ep-Myc mouse. We report that deletion
of Genb (Kat2A) prolongs the latency and reduces the incidence of lymphoma formation in
Myc-overexpressing B cells. Loss of Gen5 not only ameliorates dysregulation of the cell
cycle caused by Myc overexpression, but also affects Myc-induced pathways related to
cancer cell growth. Our results demonstrate that Genb5 is a critical partner for Myc in
oncogenesis, suggesting this KAT may be a viable therapeutic target for MYC-
overexpressing cancers.

Materials and Methods

Experimental Mouse Models

Eu-Myc mice were rederived from embryos purchased from the International Mouse Strain
Resource (IMSR). CD19-Cre mice were purchased from The Jackson Laboratory
(RRID:MGI:4415129). Gcn5 Flox mice were developed by the Dent lab (19). Male CD19-
Cre™9%: Ey-Myc 90 Gen5™* mice were crossed with female CD19-Cre’9?: Gens™'*
mice to generate all experimental mice for mouse lymphoma experiments. Animals were
maintained on a C57BL6 background.
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Maintenance of Mice

Animals were kept in a 10-hour dark and 14-hour light cycle. Animals were cared for in
accordance with guidelines from the Association of Laboratory Animal Care and with the
approval of the Institutional Animal Care and Use Committee (IACUC) protocols at the
University of Texas MD Anderson Cancer Center Science Park Research Division. Both
male and female mice were allocated to experiments following genotyping at 3-4 weeks of
age.

Isolation and Preparation of Mouse B cells

Spleen and femur were removed from mouse. The spleen was crushed through 70-micron
cell strainer in cell culture dish in 6 ml 1x PBS + 1% BSA, washed in 4 ml 1x PBS + 1%
BSA, and resuspended in PBS + 1% BSA. Femurs were spun in an Eppendorf tube to
recover bone marrow; recovered cells were resuspended in 10 ml PBS+ 1% BSA. All cells
were centrifuged at 4°C 1500 RPM for 3 min. Pellets were resuspend in 1 ml AcK lysis
buffer (0.15 M NH4CI, 10.0 mM KHCOg3, 0.1 mM NayEDTA in dH,0 adjusted to pH to 7.2)
and incubated for 5 min at room temperature. Lysate was centrifuged at 4°C 1400RPM for 3
min. Cells were washed in 10 ml cold PBS + 1% BSA and centrifuged at 4°C 1500 RPM for
3 min. Pellets were resuspended in 10 ml cold PBS + 1% BSA, and cells were counted. For
compensation measurement, 100ul of WT cells were added to one tube for each fluorophore,
one tube for propidium iodide (PI) staining, and one tube for unstained cells. 1ul Fc block
(TruStain fcX™ (anti-mouse CD16/32) Antibody, Biolgend Cat.101319) was added to each
tube. Cells were incubated on ice for 15 min. Single color compensation samples were
prepared using predetermined concentrations of each antibody. Pl was added at 6 pg/ml PI.
For experimental samples a master mix of antibodies was prepared to make 500 pl/sample in
PBS + 1% BSA. Tubes were incubated on ice for ~15 min. 6 pg/ml Pl was then added to
sample tubes.

Flow Cytometry

Flow cytometry analysis and sorting of mouse B cells was performed on a BD
FACSARIA™ Fusion. All data was analyzed with FlowJo (FlowJo 10.6.1; FlowJo,
RRID:SCR_008520) software. Viable cells were identified based on forward- and side-
scatter characteristics as well as propidium iodide exclusion (Invitrogen P3566). CD3* and
CD11b* gating was used to exclude non-B cells. From the bone marrow B cell populations
were, pro-B cells B220*CD43"IgM™; pre-B B220*CD43!°V|gM~; immature
B220*CD43'°WIgM*1gD™; mature B220"CD43!W|gM*IgD*; plasmablasts
B220*CD93~CD138*; plasma cells: B220"CD19~CD138*. From the spleen B cell
populations were; follicular B220*CD19*CD23NMCD21!°W; marginal zone
B220*CD19*CD23'°“CD21M; germinal center CD19*GL7*CD95*. Antibodies are listed in
Supplementary Table S1.

Protein Lysates

Lysates were prepared as previously described (13). Briefly, cells were pelleted, and washed
in 1x PBS. Pellets were resuspended in Buffer C (20 mM Tris-HCI pH 7.9, 20% glycerol,
420 mM NacCl, 1.5 mM MgCl,, 0.1% NP-40, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF,
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and Sigma Protease inhibitors), vortexed and rocked at 4°C for 20 minutes. After rocking, an
equal amount of Buffer A (10 mM HEPES pH 7.5, 1.5 mM MgCI2, 10 mM KCI) was added.
Lysate was centrifuged at 4°C for 10 minutes at 10,000 RPM. Supernatant was collected as
the whole cell extract and total protein levels were measured by Bradford assay. Antibodies
are listed in Supplementary Table S1.

Immunoblotting

Whole cell lysates were run on 4-12% NuPage Bis-Tris gel (Life Technologies Cat.
NPO322BOX). Proteins were then transferred to a nitrocellulose membrane. Membranes
were blocked in 5% milk in TBS-T at room temperature for 30 minutes then incubated
overnight at 4°C with the primary antibodies listed in Supplementary Table S1 in 0.5% milk
in TBS-T. Membranes were incubated in horseradish peroxidase (HRP) conjugated
secondary antibodies for 1 hour at room temperature. Amersham ECL Prime Western
Blotting Detection Reagent (GE Healthcare Cat. 45-002-401) was used for
chemiluminescent protein detection.

RNA-Sequencing

Total RNA from sorted CD19* B cells from 5-6-week-old mice was isolated using the
RNeasy® Purification Kit (Qiagen). RNA was DNase treated. RNA-Seq sequencing libraries
were made using lllumina TruSeq® Stranded Total RNA Library Prep following
manufacturer’s protocol. The libraries were sequenced using 2x76 bases paired end protocol
on Illumina HiSeq 3000 instrument. Three biological replicates were prepared for each
condition. 38-48 million pairs of reads were generated per sample. Each pair of reads
represents a cDNA fragment from the library. The reads were mapped to the mouse genome
mmZ10 by TopHat (version 2.0.10; RRID:SCR_013035) (20). By reads, the overall mapping
rate is 93-96%. 90-94% fragments have both ends mapped to the mouse genome. For
differential expression, the number of fragments in each known gene from GENCODE
Release M19 (21) was enumerated using htseq-count from HTSeq package (version 0.6.0;
RRID:SCR_005514) (22). Genes with less than 10 fragments in all the samples were
removed before differential expression analysis. The differential expression between
conditions was statistically assessed by R/Bioconductor package DESeq (23) (version
1.18.0; RRID:SCR_000154). Genes with FDR (false discovery rate) < 0.05 and length >
200bp were called as differentially expressed. Principle Component Analysis (PCA) was
performed by R function prcomp using cpm (count of fragments in each gene per million of
fragments mapped to all exons) values. The scale option was set as TRUE. The normalized
counts from DESeq were used to generate heatmap and dendrogram by Cluster 3.0 (24)
(http://bonsai.hgc.jp/~mdehoon/software/cluster/software.html) and Java Treeview (25). The
values in each gene were centered by median and rescaled so that the sum of the squares of
the values is 1.0. Mapping and differential expression analysis was handled by the MD
Anderson Science Park Bioinformatics and Statistics Department.

Quantitative RT-PCR (qRT-PCR)

gRT-PCR was performed using the Power SYBR® RNA-to-Ct kit (Thermo Fisher)
Reactions were run in an Applied Biosciences 7500 Fast Block Real Time PCR System.
Primers sequences are listed in Supplementary Table S6. AACT was calculated for all
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samples relative to Gapdh. Results are expressed as relative mRNA. Primers are listed in
Supplementary Table S2.

Statistical Analysis

All data was represented as mean = standard error of mean. The statistical analysis for qRT-
PCR was performed in Microsoft Excel (RRID:SCR_016137). All other statistical analysis
was performed in Prism 8 (GraphPad Software 8.0; GraphPad Prism, RRID:SCR_002798)
using Students t-test or analysis of variance. Significant P-value was < 0.05. Venn diagram
for RNA-seq was produced using BioVenn software (26).

Code Availability

Data in this manuscript are generated using commonly available commercial software and
algorithms and are detailed in the corresponding “Methods” section. Specific computer code
is not applicable.

Data Availability

Results

RNA-Seq data has been deposited into the Gene Omnibus repository and is available at
GSE154108.

Gcenb5 loss does not significantly alter normal B cell development in mice

Gcenb is necessary for normal embryonic development in mice (9,10,27-29). Recent studies
have also demonstrated a role for Gen5 in the development and activation of certain subsets
of T cells in vitro (30,31). Therefore, we began our studies by determining whether Genb
loss affects the normal development of B cells in mice. We intercrossed Gend™/FX mice with
mice bearing the B cell specific CD19-Cretransgene. CD19 is expressed in B cells at the
Pro B stage and expression continues through the germinal center reaction. Terminally-
differentiated plasmablasts and plasma cells lose this marker as they become professional
antibody-secreting cells (ASCs). CD19-Cre’9°: Gen5** and CD19-Cre’9°: Gen5™FX mice
were born at expected frequencies. Gen5 deletion was confirmed by immunoblot of proteins
from sorted CD19* splenocytes (Supplementary Fig. S1A).

Comparisons of both bone marrow and splenic cells of 5 to 6-week old CD19-Cre’9;
Gen5** (Gen5 W) and CD19-Cre™99; Gen5™ X mice (Gen5™FX) (Fig. 1A-B) revealed
no significant differences in the overall number of cells from either tissue. The size of the
spleen was also not significantly altered upon loss of Gens (Fig.1C). Next, we profiled B
cell populations of the mice by flow cytometry. Percentages of CD19* cells were
comparable between WTand Gen5™FX mice (Supplementary Fig. S1B). We assessed
numbers of ProB and PreB (Fig. 1D; Supplementary Fig. S1C) cells from bone marrow, and
again found no significant changes in the Genb deficient mice. The ratio of immature to
mature B cells (Fig. 1E; Supplementary Fig. S1D) from the bone marrow, as well as
germinal center cells from the spleen (Supplementary Fig. S1E), were also unaltered upon
loss of Genb. These results indicate that Gens loss does not impact the development of
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either early or intermediate stages of B cell maturation, consistent with the lack of changes
in cellularity of B cells in both spleen and bone marrow.

Previous research in DT40 chicken B cells reported a reduction in IgM expressing B cells,
correlated with the loss of expression of the IgM heavy chain, upon deletion of GCN5 (32).
However, we did not observe a change in the IgM* population in our mouse model
(Supplementary Fig. S1F). Loss of GCN5in DT40 cells also resulted in reduction in
expression of IRF4 and Blimp-1, two genes that are essential for plasma cell differentiation
(33). However, we did not observe any difference in expression of IRF4 and Blimp-1 in
CD197 cells from Gend™FX mice (Supplementary Fig. 2). From these analyses, we
conclude that loss of Gens does not significantly alter ASC development in mice.

Survival of Ep-Myc mice is prolonged upon deletion of Gen5 in CD19* B cells

Next, we addressed whether loss of Gen5 affects the formation of Myc-driven B-cell
lymphoma in the Eu-Myc mouse model. Previous studies by others have established that
overexpression of Myc in B cells of these mice promotes proliferation of pre B cells, at the
expense of differentiation (34). To determine whether Gen5 is required for Myc functions in
this context, we again used the B cell specific CD19-Creand our Gcn5 floxed allele to delete
Gcen5in B cells in Eu-Myc mice. We compared timing of lymphoma onset in CD19-Cre??:
Eu-MycT9%; GCN5™* (hereafter referred to as Eu-Myc), CD19-Cre’9?: Eu-Myc 790,
GCNSX* (Eu-Myc, Gen5™*) mice and CD19-Cre’ 90 Eu-Myc T9%: GCNSXFX (Eu-Myrc,
Gen5™FX) mice. Genb protein (Fig. 2A) and RNA levels (Fig. 2B) were increased in the
presence of the £u-Myc transgenes, consistent with previous findings by our lab and others
that Genbis a Myc target gene (11,35).

Eu-Myc mice develop B cell lymphoma as early as 6 weeks of age to as late as 65 weeks
(34), consistent with our data showing an average latency period of 21 weeks (p=0.0008)
(Fig. 2C, black). However, we observed a dramatic increase in latency of lymphoma
development in Eu-Myc, Gen5™FX mice (Fig. 2C, red). Loss of one allele of Gen5in the
Eu-Myc, Gen5™>* mice had minimal effects on survival (Fig. 2C, blue), with lymphoma
onset at an average of 25 weeks (p= 0.4959) (Fig. 2D). In contrast, complete loss of Gens
extended the median survival of Eu-Myc, Gen5™>FX miceto an average of 58.4 weeks
(p=0.0026) (Fig. 2D). Survival of the homozygous Eu-Myc, Gen5™>FX mice was
significantly increased relative to the heterozygous Eu-Myc, Gend™* mice as well
(p=0.0049). Our data suggests Gcnb haploinsufficiency does not effectively delay
lymphomagenesis, however loss of both alleles of Gcn5 inhibits the formation of B cell
lymphoma in Eu-Myc mice.

Loss of Gen5 alters lymphoma phenotype

Eu-Myc mice typically present with lymphomas arising from PreB (B220*CD19%IgM"),
Immature B (B220"CD19*IgM™), or mixed (both PreB and Immature B) cells (36),
reflecting Myc driven expansion of less differentiated B cell states, with impaired
differentiation. To determine if reduced expression of Genb affects this expansion, we
compared tumor phenotypes by flow cytometry (Supplementary Fig. S3). Because few
tumors were available from the Eu-Myc Gens null mice, we compared tumor phenotypes in
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Eu-Mycand Eu-Myc, Gen5™* mice, as these mice did exhibit a slight delay in tumor onset.
Eu-Myc mice presented with an equal number of PreB and mixed lymphomas, as expected
(Fig. 2E). Eu-Myc, Gen5™* mice displayed primarily mixed lymphomas (50%) with a
fewer number of preB lymphomas than Eu-Myc mice. These data indicate that loss of Gen5
retards the expansion of this early population by Myc, allowing further B cell development,
and in turn, leading to slower growing lymphomas, or even a block to lymphoma
development as seen in some Eu-Myc, Gend*/FX (and even some the Eu-Myc, Gen5™/%)
mice (Fig. 2C).

Pre-lymphomic mice with loss of Genb display reduction in B cell subsets

To define early events that contribute to the increased latency of lymphoma development in
the absence of Genb, we compared cellular populations in spleens of mice prior to
lymphoma development. No discernible difference between spleen size (Fig. 3A) or spleen
cell count (Fig. 3B) was observed in pre-lymphomic 5-6-week-old Eu-Myc, GCN5*FX and
Eu-Myc mice, and these profiles were similar to those in wild type mice lacking the Eu-Myc
transgene. The percentage of B220*cells in the spleens of Eu-Myc, GCNS*FX and Eu-Myc
mice were also similar, but interestingly, the PreB (P1"B220*CD43!°IgM™~) and Immature B
populations (P1"B220*CD43!°1gM*IgD~) were significantly lower in the £u-Myrc,
GCN5FX mice relative to £u-Myc mice (Fig. 3C). The Mature population (P!
~B220*CD43!°IlgM*1gD*) however was not different between the two genotypes. Given that
lymphomas in Eu-Myc mice tend to arise from the PreB and early stage B cell subsets (36),
the reductions in these populations upon loss of Genb is consistent with retardation of
proliferative capability and increased latency of lymphomagenesis.

Since Myc overexpression in Eu-Myc mice drives increases in B cell size (15,37,38), we
also determined whether loss of Gen5 affects this phenotype. Indeed, Eu-Myc, Gen5™XFX B
cells were smaller than Eu-Myc B cells (Fig. 3D), again demonstrating that loss of Genb
impacts Myc driven oncogenic phenotypes.

Gcenb promotes expression of Myc target genes in MYC overexpressing B cells

In order to define the molecular mechanisms for how Gen5 contributes to lymphoma
development upon overexpression of Myc, we performed RNA-seq analyses on total RNA
isolated from CD19* B cells sorted from spleens of 5-6-week-old wild-type, £u-Myzc, and
Eu-Myc, Gen5™FX mice. This time point was chosen to enrich for cells before the onset of
lymphoma, in order to define early transcriptional events that require Gen5 as coactivator.
Principal Component Analysis (PCA) showed clear separation between the different
genotypes, with the profiles of £u-Myc Gen5*FX B cells closer to those of wild-type B
cells than to B cells from Eu-Myc mice (Supplementary Fig. S4A). Gene expression
heatmap and hierarchical clustering confirmed that patterns of expression of Eu-Myc,
Gen5™Fx B cells were more similar to those of wild-type B cells than those of Eu-Myc B
cells (Fig. 4A; Supplementary Fig. S4B). We identified 3588 genes as upregulated and 2544
as downregulated in the Eu-Myc B cells as compared to wild-type (false discovery rate
(FDR) <0.05) (Supplementary Fig. SAC). 532 genes were identified to be downregulated and
759 genes upregulated in the Eu-Myc; Gen5™FX B cells as compared to the £u-MycB cells.
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Because Genb is a known transcriptional co-activator we focused our analysis on the genes
that were both upregulated in the £u-Myc B cells relative to wild type and downregulated in
Eu-Myc; Gen5™FX B cells relative to £u-Myc B cells (FDR< 0.05) (Fig. 4A). Of the 3588
genes upregulated in Eu-Myc B cells, 356 were among the 532 genes downregulated in Eu-
Myc; Gen5™FX B cells (Fig. 4B), indicating that Genb is required for activation of these
specific Myc target genes. IPA analysis indicated that genes not significantly influenced by
loss of Gen5 in Eu-Myce B cells are involved in protein synthesis and RNA post-
transcriptional modification, damage and repair, whereas Genb influenced genes are linked
to cell cycle regulation and gene expression. A previous study defined a number of gene
promoters directly bound by Myc in B cells from control, pre-lymphomic Eu-Myc mice as
well as the tumors arising from the mice (15). We compared the genes affected by Gen5 to
the genes shown to be directly regulated by Myc in pre-lymphomic cells. We found a
substantial overlap (260 out of the 365 genes) further indicating that Gen5 is important for
activation of these genes by Myc (Fig. 4C).

Gene ontology analysis from IPA (QIAGEN Inc., https://www.giagenbioinformatics.com/
products/ingenuity-pathway-analysis) identified cancer as the top related disease
(Supplementary Fig. S4D) of these genes, underscoring their importance to Myc driven
oncogenesis. Under this category, cell proliferation, cell viability and cell survival of tumor
cells were identified as the major biofunctions downregulated in Eu-Myc; Gen5™FX B cells.
The pathways altered in Eu-Myc Gen5 deficient B cells are predominantly linked with cell
cycle regulation (Fig. 4D), including upregulation of cyclins and G2/M checkpoint
regulation. In contrast, G1/S checkpoint regulation was downregulated. These results are
consistent with previous studies of the transcriptional targets of Gen5 in non-small cell lung
cancer (39). Cell cycle related genes such as Cdc25A, Cdc25B, Btg2 and Foxm1 were
significantly downregulated in Eu-Myc Gen5 deficient B cells. DAVID software (40,41)
confirmed these results (Supplementary Table S3), identifying cell cycle and regulation of
transcription as top altered pathways, as well as DNA repair and RNA splicing pathways.
These functions have also been previously linked to Gen5 functions in different cell types
(42-44).

Upstream regulator analysis from IPA identified Myc as the protein whose downregulation is
predicted to primarily bring about the most gene expression changes in Eu-Myc Gens
deficient B cells, as expected (p=1.42E-13, z-score: —5.497) (Fig. 4E). Other downregulated
pathways include Egfr (p= 3.05E-10, z-score: —4.868), Hgf (p= 0.000000144, z-score:
-4.456), and Vegf (p=0.00137, z-score: —3.786), all of which are related to growth and
proliferation of both normal cells and cancers (Supplementary Tables S4-6) (45,46). IPA
upstream regulator analysis also identified pathways that were upregulated in £u-Myc Genb
deficient B cells relative to Eu-Myc B cells, including let-7, Tpr53, and Cdkn2A (Fig. 4E;
Supplementary Table S3). The microRNA let-7a has been shown previously to downregulate
Myc, and its proliferation effects in Burkitt lymphoma (47). The Cdkn2A locus encodes the
PI4ARFand pI6ARFtumor suppressors, which protect p53 from degradation (48,49), a
crucial initiation step in the development of Burkitt lymphoma (50).

At least 51 direct Myc targets identified as downregulated upon loss of Gen5 (Fig. 5A, B)
are involved in cell cycle regulation, including Ccne2, Chekl, E2f1, Cks2and Akt1.
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Interestingly, Csk2 is highly expressed in malignant tumors (51), and our previous work in
cell lines connected inhibition of GCN5 with decreased AKT phosphorylation as well as
decreased AKT protein levels (13). Our current data indicate that transcription of Aktis also
affected by loss of Genb. These transcriptional changes indicate that Gen5 is required for
Myc-driven up regulation of genes important for proliferation of pre B cells, leading to
decreased expansion of these populations in the Eu-Myc; Gen5™FX mice relative to Eu-Myc
mice.

To determine whether Genb loss affects Myc expression, we examined both Myc RNA and
protein levels. Our RNA-seq data indicated that Myc RNA levels were not significantly
altered by Gen5 loss in Eu-Myc; Gen5™FX B cells relative to Eu-Myc B cells
(Supplementary Fig. S4). However, immunoblot analyses revealed that Myc protein levels
were substantially decreased in the £Eu-Myc; Gen5™/FX B cells, although not to levels
observed in wild type B cells (Fig. 5C). These findings are consistent with data from our lab
and others that Myc is stabilized upon acetylation by Gen5 and other KATs (12; 13).

Taken together, our data confirm that Genb5 is required for oncogenic transcription programs
related to cell cycle progression and cell proliferation driven by Myc overexpression (Fig.
5D).

Discussion

Genes whose loss delays the onset of lymphomagenesis are also often required for normal B
cell development, raising concerns about therapeutic use of specific inhibitors targeting
those factors. Our finding that Gen5 loss does not affect normal B cell development or
cellularity is consistent with previous reports that Gen5 is not required for hematopoietic
development or myeloid lineage commitment (52). The lack of effect in these settings might
reflect redundancies in functions of Gen5 and the highly related KAT Pcaf (Kat2B), but such
compensation does not appear to occur in Myc overexpressing cells. The difference in
effects of Gen5 on B cell proliferation vs differentiation in wildtype and Eu-Myc B mice is
consistent with oncogene addiction. Ep-Myc driven lymphomas required sustained high
level expression and function of Myc (53) which we show here in turn requires Genb.

Myc often acts in concert with another transcription factor important in the regulation of cell
growth, E2f1. Interestingly, Genb also functions as a transcriptional co-activator of E2f1
target genes. In small cell lung cancer, E2F1 recruits GCN5 to acetylate H3K9, facilitating
transcription of £2F1, CYCLIN E, and CYCLIN D1 (39), all of which promote cellular
proliferation and tumor growth. Intriguingly, the effects of Gens deletion in Eu-Myc mice
are similar to those caused by deletion of £2ffamily members. £2f1 deletion delayed
formation of B cell lymphoma in Eu-Myc mice, affecting Myc induced proliferation in
lymphoma without affecting normal B cell development (54). A subsequent study did not
find increased survival upon deletion of £2f1, which might reflect either differences in the
genetic background or the specific null allele used, but an increased latency in lymphoma
onset and alterations in cell cycle were observed upon deletion of £2f2and E£2f4 (55). Our
data indicate that Gen5 loss decreases expression of both £2f1 and £2f2in Eu-Myc mice.
SkpZ2, an E3 ligase whose transcription is promoted by E2f1, was also downregulated. Skp2

Cancer Res. Author manuscript; available in PMC 2021 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Farria et al.

Page 10

mediated degradation of p27 is a known contributor in the development of Burkitt
lymphoma(56-58). All of these changes in gene expression upon loss of Gens may
contribute to delay of lymphoma onset.

Gcen5 may also contribute to oncogenesis through modification of non-histone proteins. In
many cases of acute lymphoblastic leukemia (ALL), a translocation event fuses E2A with
the pre-B-cell leukemia transcription factor 1 (PBX1) creating the chimeric transcription
factor E2A-PBX1 which drives oncogenesis (59). GCN5 acetylates this fusion protein
increasing its stability in ALL cells (60). Other studies indicate that the overall cellular
acetylation state can affect tumorigenesis and cancer cell survival. Reduction of Acetyl-
CoA, and thereby total acetylation levels, reduces tumor formation in mammalian
hepatocellular carcinoma and triple negative breast cancer cells (61). Also, knockdown of
HDAC1 and HDAC?2 accelerated leukemogenesis in a mouse model of acute promyelocytic
leukemia (APL) as well as lymphomagenesis in the Eyu-Myc mouse model, however both
knockdown and pharmacologic inhibition of HDAC1 was efficacious in already formed APL
cells (62). Indeed, the balance of HAT and HDAC activities is likely critical in both
developmental and disease contexts (3).

A majority of human cancers overexpress Myc (63), but no effective means to inhibit Myc
activity in tumors yet exists. Our findings indicate that Gen5 loss inhibits the ability of the
Eu-Myctransgene to drive B cell lymphomagenesis in mice, likely due to down regulation
of cell cycle genes normally induced by Myc overexpression. These data are consistent with
functional connections between Genb and Myc in stem cell self-renewal (64), in ES cell
differentiation (29), and during reprogramming of somatic cells to induced pluripotent cells
(11). We also previously demonstrated that Gen5 works with Myc to co-transcribe genes that
promote oncogenic growth and potential in human Burkitt lymphoma cell lines (13).
Therefore, inhibition of Gen5 provides an attractive avenue for specifically inhibiting Myc-
driven oncogenesis and cancer cell survival. Specific inhibitors of Gen5 might prove
effective in Myc driven cancers without affecting normal cells. Combinations of Genb
inhibitors, to cripple Myc functions, with inhibitors that lower Myc expression, such as BET
domain inhibitors or inhibitors of CBP/P300, might be especially efficacious.
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Significance:

Our results provide important proof of principle for Gen5 functions in formation and
progression of Myc driven cancers, suggesting that GCN5 may be a viable target for
development of new cancer therapies.
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Figure 1. Genb5 loss does not significantly alter normal B cell development in mice.
A. Total cellularity of spleen of WT and CD19-Cre; Gen5PX/FX mice 5-6-week-old mice

(n=4 WT and n= 4 CD19-Cre; Gen5F¥/FX). B, Total femur cellularity of WT and CD19-Cre;
GensPXYFx 5.6-week-old mice (n=4 WT and n= 4 CD19-Cre; Gen5FXFX). C. Representative
pictures and spleen weights of 5-6-week-old mice (n=4 WT and n= 4 CD19-Cre
GensPXFX)| D, Quantification of flow cytometric analysis of B220* bone marrow ProB (Pl
~B220*CD43MIgM™) and PreB (PI"B220*CD43/°1gM") cells. E. Quantification of flow
cytometric analysis of Immature (PI"B220*CD43/°IgM*IgD~) and Mature (P!
~B220*CD43!°IgM~1gD*) B cells from bone marrow. Error bars represent mean + SEM. For
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flow cytometric analysis n= 7 WT and n=5 CD19-Cre; Gen5P¥Fx mice. All p-values
determined by unpaired Student’s t-test. *p< 0.05; **p< 0.01; ***p< 0.001; ****p< 0.0001.
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Figure 2. Gen5 Loss Delays Formation of B Cell Lymphoma in Mouse Model.
A. Representative immunablot showing increased expression of Gen5 in CD19* B cells of

Ep-Myc transgenic mice. B. Relative Gen5 mRNA expression in CD19* B cells of WT, Ep-
Myc, Ep-Myc; Gen5PX* | and Ep-Myc; Gen5PXFX mice. (n=3). All p-values determined by
unpaired Student’s t-test. Significant P-value was <0.05 C. Kaplan-Meier curve showing
tumor-free survival comparing CD19-Cre%0; Ep-Myc; Gen5FX* (n=14), Eu-Myc; Gen5P¥/*+
mice (n=27) and Ep-Myc; Gen5PXFX (n=16) mice. p=0.0026 determine by Log rank test

(x 2= 8.406). Log rank (Mantel-Cox) p= 0.0014 (x2=11.88), Gehan-Breslow-Wilcoxon test
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p=0.0023 (X2:10-31) D. Median survival time of Ep-Myc, Eu-Myc; Gen5P¥/+ mice and Ep-
Myc; Gen5PXFX mice. p-values determined by one-way ANOVA *p< 0.05;**p< 0.01; ***p<
0.001; ****p< 0.0001. E. Quantification of immune phenotypes of tumors from Epu-Myc and
Epu-Myc; Gen5PX* mice.
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Figure 3. Pre-lymphomic Ep-Myc mice have altered B cell populations with loss of Gen5.

A. Spleen weights of 5-6-week-old Ep-

Myc and Ep-Myc; Gen5PXFX mice (n=4). B. Total

cellularity of spleen of Ep-Myc and Ep-Myc; Gen5P¥FX mice (n=4). C. Quantification of
flow cytometric analysis of B220* spleen PreB (P1~B220*CD43!°IgM") cells, Immature (PI

~B220*CD43!°lgM*1gD ™) and Mature

(P1"B220*CD43°IgM~1gD™) B cells. Error bars

represent mean + SEM. For flow cytometric analysis n= 3 for WT and CD19-Cre; Gen5FX/Fx
mice. All p-values determined by unpaired Student’s t-test. *p< 0.05; **p< 0.01; ***p<
0.001; ****p< 0.0001. D. Representative FACS analysis of cells size as measured by
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forward scatter (FCS-A) of B220"CD19* B cells from. 5-6-week-old Eu-Myc and Ep-Myc;
Gen5PXFX mice (n=3). Black curve is Ep-Myec. Red curve is Ep-Myc; Gen5PXFX,
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Figure 4. Overview of differential gene expression in Gen5 floxed Ep-Myc mice.
A. Heatmap of gene expression profiles from CD19* splenic B cells. Expression profiles of

CD19" B cells of 5-6-week-old WT, Eu-Myc, and Ep-Myc; Gen5PXFX mice. (n=3). Yellow
and blue indicate up and down regulation relative to the median expression of each gene
respectively. B. Venn diagram of genes that were upregulated in Ep-Myc (3558 genes)
compared with downregulated in the Gen5 floxed B cells (532 genes). C. Comparison of a
published dataset of Myc-bound promoters in pretumorous B cells from Ey-Myc mice to
genes down regulated in pretumorous B cells from Ep-Myc vs Ep-Myc; Gen5PXFX mice. D.
GO analysis of significantly altered pathways by IPA. E. Predicted upstream regulators
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whose expression change can lead to the down regulation of genes upon deletion of Gen5 as
compare to Ep-Myc mice.
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Figure 5. Most genes downregulated upon loss of Gen5 are up regulated upon Myc
overexpression.

A. Heat Map of differentially expressed genes regulated by Myc. B. RNA-seq values and
gRT-PCR validation of genes regulated by Myc. (n=3) All p-values determined by unpaired
Student’s t-test. Significant P-value was <0.05. C. Immunoblot of Myc expression relative to
Gapdh D. Model of Gen5 partnership with the Myc oncoprotein in B cell lymphoma. Gen5
acts as a transcriptional coactivator in the transcription of Myc target genes that promote
both lymphomagenesis and lymphoma cell survival.
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