1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
DNA Repair (Amst). Author manuscript; available in PMC 2021 February 01.

-, HHS Public Access
«

Published in final edited form as:
DNA Repair (Amst). 2020 February ; 86: 102754. doi:10.1016/j.dnarep.2019.102754.

Loss of Setd4 delays radiation-induced thymic lymphoma in
mice

Xing Feng?, Huimei Lu?, Jingyin Yue?, Neta Schneider?, Jingmei Liu?, Lisa K Denzin®,
Chang S. ChanC, Subhajyoti De®, Zhiyuan Shen?"

aRutgers Cancer Institute of New Jersey, Department of Radiation Oncology, Rutgers Robert
Wood Johnson Medical School, 195 Little Albany Street, New Brunswick, New Jersey 08903,
USA

bChild Health Institute of New Jersey, Rutgers Robert Wood Johnson Medical School, Rutgers
University, New Brunswick, New Jersey, USA

¢Center for Systems and Computational Biology, Rutgers Cancer Institute of New Jersey, Rutgers
the State University of New Jersey. New Brunswick, NJ 08901, USA

Abstract

Radiation-induced lymphomagenesis results from a clonogenic lymphoid cell proliferation due to
genetic alterations and immunological dysregulation. Mouse models had been successfully used to
identify risk and protective factors for radiation-induced DNA damage and carcinogenesis. The
mammalian SETD4 is a poorly understood putative methyltransferase. Here, we report that
conditional Setd4 deletion in adult mice significantly extended the survival of radiation-induced T-
lymphoma. However, in Tp53 deficient mice, Setd4 deletion did not delay the radiation-induced
lymphomagenesis although it accelerated the spontaneous T-lymphomagenesis in non-irradiated
mice. The T-lymphomas were largely clonogenic in both Seta4X/flox and Setd42/A mice based on
sequencing analysis of the T-cell antigen B receptors. However, the Setd42A T-lymphomas were
CDA4*/CD8* double positive, while the littermate Seta40X/flox tymor were largely CD8+ single
positive. A genomic sequencing analysis on chromosome deletion, inversion, duplication, and
translocation, revealed a larger contribution of inversion but a less contribution of deletion to the
overall chromosome rearrangements in the in Seta444 tumors than the Setd4"0X/flox tymors. In
addition, the Setg4™0x/floX mice died more often from the large sizes of primary thymus lymphoma
at earlier time, but there was a slight increase of lymphoma dissemination among peripheral
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organs in Setd424 at later times. These results suggest that Sefd4 has a critical role in modulating
lymphomagenesis and may be targeted to suppress radiation-induced carcinogenesis.
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1. Introduction

lonizing radiation (IR) is a potent DNA damage agent and a complete carcinogen, and can
both initiate and promote tumorigenesis, largely due to oncogenic mutations resulting from
DNA damage [1, 2]. The induction of T-lymphoma in mice upon fractionated irradiation has
been proven to be a reliable approach to identify risk factors and protective modalities of
radiation induced carcinogenesis [3-5]. Lymphomagenesis is characterized by the
clonogenic proliferation of B, T or natural killer lymphoid cells[6-9]. Although the different
types of lymphomas may have distinct cell lineage features, lymphomas may originate from
the hematopoietic stem cells or uncommitted hematopoietic progenitor cells that evolved
into tumor cells of distinct lineage features[10]. Lymphomagenesis is driven by DNA
damage, genetic mutations, and immune dysregulation[11-13]. The use of genetically
engineered mouse models have not only discovered the identifies of genes that contribute to
human radiation carcinogenesis but also are valuable to complement human studies [3, 10].
Despite the successful identification of many genetic factors that initiate and propagate
lymphomagenesis, additional genes that govern this process are yet to be discovered.

The mammalian SET domain-containing protein 4 (SETD4) is a putative methyltransferase
of the SETDG6 subfamily[14]. Members of this subfamily (SETD6, SETD3, and SETD4)
share only ~20% amino acid identity with each other, yet they share a conserved substrate-
binding domain similar with the plant Rubisco methyltransferase. Additionally, their SET
domains are divided by an iSET region (insert of SET)[15-20]. SETD6 has been shown to
methylate non-histone proteins, including p65/RelA of the NF-kB family, Polo-like kinase 1,
PAKA4 of the Wnt/beta-catenin pathway as well as other proteins[17, 21-24]. SETD3 was
initially reported to methylate histones[25, 26], and two independent groups recently found
that it can physiologically methylates a histidine residue in p-actin[18, 19, 27]. However,
little is known about physiological substrates of the vertebrate and mammalian SETD4 in
vivo, although the brine shrimp Artemia Parthenogenetica SETD4 can methylate histone
H4K?20 and H3K79[28].

Some correlative studies have implicated SETD4 in tumorigenesis and in the tumor response
to treatment, including human ER-negative breast cancer[29], hepatocellular carcinoma
sensitivity to sorafenib[30], and apoptosis in prostate cancer cells[31]. Oncogenic fusions of
SETD4with FTCD, KIAA1958 and B4Galt6 have been observed in human cancers[32]. In
the current study, we asked if Setd4 modulates radiation-induced cancer risk.

We found that Setd4 deletion in adult mice extended the survival after radiation induced T-
lymphomas. We further show that Sefa4 deficient T-lymphomas had distinct characteristics
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compared to tumors that developed in wild type mice. These results suggested that SETD4
may be an attractive target to reduce the risk of radiation-induced lymphoma.

2. Materials and Methods

2.1. Mouse lines

The animal works presented in this study were approved by the Institutional Animal Care
and Use Committee at Rutgers Robert Johnson Medical School. We adhered to and followed
our institutional guideline regarding to animal welfare issues. Three mouse lines were used
in this study.

Conditional Setd4 knockout mice: the construction and verification of conditional Setd4 ES
clones and exon-6 deletion are detailed in Supplement Fig. S1 and S2. The PCR primer
sequences for Sefd4 genotyping are summarized in Supplement Tables S1-S3, and the PCR
primer locations are illustrated in Fig. 1A. DNA extracted from tail biopsy was used for PCR
genotyping. A three-primer mix containing 5-TCCTGGGCTCTGCCATCCATG, 5'-
CTGTTGCAATGGAAATGCCAG, and 5'-CTAAAGCTCTGCCCTAAGGTC was used in
multiplex PCR to identify the 234-bp wild type, 318-bp floxed, and 369-bp AExon6 Setd4
alleles.

The Rosa26-CreERT2 mice (B6.129): obtained from Jackson Laboratory (Stock No 008463)
and expressed CreERT2 under the control of a promoter at the endogenous Rosa26 locus.
Administration of tamoxifen (Tam) can induce the translocation of the CreERT2 from
cytoplasm to the nucleus, causing LoxP recombination. We crossed Seta4/ox/flox mice with
Rosa26-CreERT21to obtain Setd4™oX/floX. posa26-CreERT2Y and Setd4"0XWt: Rosa26-
CreERTZ" mice.

The Tp53floX/flox mice (B6.129): obtained from Jackson Laboratory (Stock No 008462) and
carry a homozygous floxed exons 2-10 of the 7p53 gene [33], and were crossed with
Setd4"ox/floX -Rosa26-CreERTZ!* to generate Seta410X/flox - Tp53M0XWt-R052.26-CreERTZ*
and Setg41ox/flox - Tp53110X/f10X - Rosa 26-CreERTZ™. The primer-pair of 5”-
GGTTAAACCCAGCTTGACCA and 5'-GGAGGCAGAGACAGTTGGAG was used to
identify the 390-bp 7rp5370xEX0n2-10 gnd the 270-bp Trp53* alleles. The primer-pair of 5’-
GGTTAAACCCAGCTTGACCA and 5'-GAAGACAGAAAAGGGGAGGG was used to
identify a 612-bp product of the LoxP-recombined 7p533£x0n2-10 gee,

2.2. Tam treatment and total body irradiation (TBI)

Tamoxifen (Sigma-Aldrich, T5648) was dissolved at a concentration of 25 mg/ml, in a
mixture of 98% corn oil (Santa Cruz, sc-214761A) and 2% ethanol. A total of 160 ul per 25
g of body weight was injected intraperitoneally into 6-8 weeks old mice once per day for 5
days. Corn oil was used as the control. Five days after injections, mice were retained in a
Rodent RadDisk and exposed to TBI using the Gammacell 40 Extractor (MDS Nordion) -y-
irradiator at a dose rate of 91.6 cGy/min. The exact radiation doses will be given when
describing the specific experiments.
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2.3. Flow cytometric analysis

Single-cell suspensions were prepared from thymic lymphomas, spleen and lymph nodes,
and stained with fluorochrome-conjugated antibodies: CD4 (APC-Cy7, L3T4, 47-0042-82,
eBiosciences), CD8 (PerCP-Cy5.5, 53-6.7, 45-0081-82, eBiosciences), CD11b (A700,
M1/70, 557960, BD Pharmingen), Gr-1 (FITC, RB6-8C5, 553127, BD Pharmingen). Data
were acquired with an LSR 1l cytometer (BD Biosciences) using FACSDiva software and
analyzed with FlowJo version 10 software (Tree Star). Cell doublets were excluded from all
analyses and, when possible, dead cells were excluded by the use of DAPI. Collection media
was RPMI11640 with 10% FBS, 1% Glutamine, 1% Penicillin/Streptomycin, 0.01% 2-
Mercaptoethanol. FACS buffer is PBS supplemented with 1% FBS.

2.4. Histological and immunohistochemical (IHC) analyses

Tissue specimens were removed surgically, washed in cold PBS, fixed overnight in 10%
formalin at 4°C, and transferred to 70% ethanol before submitting to institutional
Biospecimen Repository and Histopathology Service for tissue processing. Paraffin-
embedded tissue sections were cut at 5 pm and stained with hematoxylin and eosin (H&E).
The procedure of an antigen retrieval and IHC staining was previously described [34, 35].
Briefly, antigen as retrieved with 0.05% citraconic anhydride (pH 7.4) by steaming the
immersed slides in a kitchen steam cooker for 40 min after the temperature of the buffer
reached 98°C. After retrieval, slides were washed in PBS and permeabilized with 0.1%
Triton X-100 in PBS for 10 min followed by quenching of endogenous peroxides with 3%
hydrogen peroxide for 15 min. BSA (3%) in PBS was used for blocking and dilution of
antibodies. Immunoreactivity was visualized with 3,3”-diaminobenzidine (D5637; Sigma).
Positive staining was visualized as a brown color precipitate that can be distinguished from
the hematoxylin counterstain seen as a blue color. For immunofluorescent IHC, primary
antibodies were incubated for 1 h at room temperature and washed three times for 5 min
each in PBST. Goat anti-rat IgG secondary antibody, Alexa Fluor 488 (Thermo Fisher
Scientific) or Rhodamine (TRITC) affinipure donkey anti-rabbit 1gG (Jackson
ImmunoResearch laboratories, Inc) was added to cover tissue area on the slides. Slides were
incubated for 30 min at room temperature and washed three times for 5 min each in PBST.
Commercial antibodies are: CD3 (A0452, Dako), B220/CD45R (103201, Biolegend), Ki67
(MA5-14520, Thermofisher Scientific), Cleaved caspase 3 (9661S, Cell Signaling
Technology), CD4 (14-0041-81, Thermofisher Scientific), CD8 (361003, Synaptic Systems).

To semi-quantitatively assess lymphoma infiltration in peripheral organs, tissue sections of

spleens, livers, kidneys, and lungs were stained for CD3 by IHC. Images were taken under

microscope and CD3 positive cells were counted. Based on the percentage of CD3 positive
cells, a semi-quantitative infiltration score was defined as: 0 (<5%), 1 (5-30%), 2 (30-60%),
and 3 (>60%).

2.5. Tumor genomic sequencing

DNA were subjected to genomic sequencing by GENEWIZ with paired end reads. We
mapped the reads from the low pass whole genome sequencing experiments to the mouse
reference genome GRCm38 using BWA[36] after an initial quality control check using
FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc). The genome-wide
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depth of read coverage was ~1X. This appeared to have low technical variations between
samples, between chromosomes within the same sample, and between adjacent regions
within the same chromosome, apart from the cases where copy number alterations resulted
in systematic, sharp transition in depth of coverage. We used Delly2[37], with default
parameter settings, to identify structural variations (SV) including genomic junction-points
in the samples. We compared the catalog of SV calls in each tumor sample against pooled
SV calls from the normal tissue samples and excluded those that have junction-points within
1 kb of SV junction-points in normal tissues to call somatic SVs in the tumor samples. This
approach enabled us to avoid spuriously overcalling somatic SVs in the tumors due to
imprecise junction-point identification and/or low regional coverage in any individual
normal control sample. The SVs were classified into four categories (DEL.: deletions, DUP:
duplications, INV: inversions, and TRA: inter-chromosomal translocations), based on
genomic mapping and clustering of the split reads and paired end reads as shown before[37].
If the SV junction had sufficient split read support, the junction sequence and precise DNA
junction-point can be ascertained. But when there is no split read support, or there is
extended homology at the junction (e.g. longer than the read length) the junction sequence
and DNA junction-point cannot be determined precisely. We anticipate that most of the SVs
would be called at ~1X coverage, but due to modest depth of coverage, a majority (>90%) of
the reported SVs had imprecise junction-points. For the SVs with precise junction-points,
the length of homology between the adjoining genomic regions enabled us to infer the likely
mechanism of DNA end rejoining. We classified the SVs with homology length of 0-3 bp,
4-9 bp, and >9 bp at the junction-points to have limited, medium, and extended homology. In
general, SVs with limited and extended homology are suspected to arise due to NHEJ and
HR-mediated repair respectively[38].

2.6. Sequencing of T-cell receptor g (TCRp)

DNA was extracted from 30 mg of thymic lymphoma tissue using the MagAttract HMW
DNA Kit (Qiagen, 67563), and submitted to Adaptive Biotechologies to sequence the TCRB
using the ImmunoSeq survey assay, and the data were analyzed using the ImmunoSeq
Analyzer (Adaptive Biotechnologies) to determine the clonogenicity of the tumor DNA as
well as the nature of the V(D)J rearrangement and whether it leads to a productive template
for functional TCRp.

2.7. Statistics

Statistical analysis was performed using Prism Software (GraphPad). Statistical differences
were determined with the Student's #test and Log-rank (Mantel-Cox) test. Unless the P-
value is specifically shown, statistical significance was defined as *~ < 0.05, **~< 0.01, and
***P<(.001.

3. Results

3.1. Generation of Tam-inducible adult Setd4 knockout mice

To investigate the biological functions of SETD4 /n vivo, we converted a trapped Setd4
allele in an ES clone to an allele with Sefd4 exon 6 floxed (see Fig. S1). The new ES clone
was then used to generate founder Setd4™0XWt mice, and subsequently Seta4ox/flox mice.
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After the expected deletion of exon 6 upon Cre-expression in the Seta4oX/flox mouyse
embryo fibroblasts (MEF) was verified on genomic DNA and mRNA levels (Fig. S2), the
Setg4™0x/flox mice were mated with the Rosa26-CreERT2 mice[39], to generate
Setg4ox/flox: Rosa26-CreERTZ. Six- to eight-week old adult mice were administrated with
Tam to induce deletion of exon 6 in Sefd4. As shown in Fig. 1A, 1B, there was a successful
deletion of Sefd4 exon 6 among the majorities of the tissues, except brain. In agreement,
there were consequential down-regulations of Sefd4 mRNA in these tissues (Fig. 1C).
Therefore, an inducible conditional Setd4 knockout mouse model was established. Notably,
Tam-treated adult Setd40X/f10X-Rosa26-CreERTZ* (Setd42) mice were viable and didn’t
display any obvious growth retardation or a tendency of tumor development compared to
Oil-treated mice (Fig. 1D).

Loss of Setd4 extends the survival of radiation-induced thymic lymphoma

To address if loss of Setd4 impacted the risk of radiation-induced carcinogenesis, we
induced Seta4 deletion in adult Setg40X/floX. Rosa26-CreERTZ" mice by Tam injection,
resulting Setad4?2 mice. Sex-matched littermates injected with vehicle (oil) were used as
controls (Setd40x/flox) \We irradiated (or sham-irradiated as controls) groups of mice with 2
Gy of gamma-rays weekly for 4 weeks (4 x 2Gy). As predicted, these mice developed
lymphomas, mainly in thymus. In some mice, tumor cell infiltrations were observed in the
spleen, liver, kidney, lung, and other organs (Fig. 2A, S3). The lymphoma cells were positive
for Ki-67 and the T-cell marker CD3 but negative of the B-cell marker B220/CD45R (Fig.
2B, S3), suggesting that the tumors were T-cell lymphoma.

During the initial 100 to 300 days after irradiation, all died mice had thymic lymphomas.
Intriguingly, the loss of Sefd4 significantly delayed the death of radiation-induced thymic
lymphoma and improved the overall survival (Fig. 2C). The median survival was 195 days
for Setd4oxX/floX mice, but 245 days for Setd4?’2 mice. At the end of the experiment (500
days after irradiation), the lymphoma-free survival for Setd4%4 mice was 22% (11 out of
50), but 9.4% (5 out of 53) for the Setg4/X/flox (Fig. 2C, P=0.078 by Chi-Square test). Tam-
treatment of wild type mice (Setd4""l:Rosa26-CreERTZ2") did not alter the time course of
radiation induced tumor development from Oil treated littermates (Fig. S4). Genotyping of
tumor DNA confirmed the Sefd4 deletion in the lymphomas and tumor infiltrated organs of
the Setd4”’2 mice (Fig. 3D). Collectively, these data show that loss of Setd4 significantly
delayed the development of radiation-induced thymic lymphoma and the lymphoma-
mediated death.

Next, we compared the general features of the lymphomas that developed in the
Setd4Tox/flox and Setd4?2 mice. As shown in Fig. 3A, there was little significant difference
of primary thymus tumor size at the time of death, although there was a slight decrease of
tumor sizes among the Setd44/4 animals that died within the first 195 days, which is the
median survival for the Seta40X/flox mice. The quicker growing tumors likely contributes to
the earlier death of the Setd40X/floX mice. We also observed a higher percentage of cleaved
caspase-3 positive cells in the tumors from Setd40X/flox mice than from Setd424 (Fig. 3B).
An increased apoptotic feature had been suggested to associate with a higher grade of
malignancy[40]. Although both mice have T-lymphoma cells that have disseminated to
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peripheral organs, Setd424 mice have a more widespread peripheral organs infiltration by
the T-lymphoma cells, especially to the spleen, liver, kidney, and lung (Fig. 3C). Based on
the percentage of tumor cells in the four main organs (Table 1), we calculated a semi-
quantitative Tumor Dissemination Score (see Materials and Methods) Although the Setg444
died later than the Setq40x/flox they generally had higher tumor dissemination score at the
time of death (Fig. 3D). Overall, these data demonstrate that Setd442 mice died later than
Setg4ox/flox |ikely due to slower tumor enlargement in the thymuses, and the loss of Setd4
promoted the dissemination of T lymphoma cells at later time points.

3.3 Cellular subtypes of thymic lymphoma in Setd4®2 mice

We next determined the subtypes of thymic lymphomas that developed in the two strains of
mice. Single cell suspensions from available thymic lymphomas were stained with
fluorphone conjugated antibodies specific for CD4 and CD8 followed by flow cytometry to
determine the T cell subsets populating the T lymphomas. As shown in Fig. 4A, the
Setg4ox/flox thymic tumors were composed of T cells mainly expressing only positive CD8,
which is in agreement with what has been previously reported [41, 42]. However, the
Setd424 thymic lymphomas were mainly composed of T cells expressing both CD8 and
CD4 (Fig. 4A). In spleens that had been infiltrated with tumor cells, there were also higher
percentages of CD8 and CD4 double positive cells in Setd444 mice than in Setg4fox/flox
mice (Fig. 4B). To confirm these findings, IHC and immunofluorescene were used to
analyze thymic tumors from 14 Setg40x/flox and 11 Setd4?A mice (Fig. 4C and 4D). These
studies confirmed that found all tumors were CD8 positive, but many (9 out of 11) of the
Setd42A tumors were also 100% CD4 positive (i.e. CD4 and CD8 double positive), while
fewer of the Seta4oX/flox tymors (5 out of 14) were 100% CD4 positive. These differences
were found to be statistically significant (Chi-Square test, p = 0.016) (Fig. 4E). Together
these data show Setd4 loss altered the subtype of T cells comprise the thymic tumors.
Setd42A tumors were composed mainly composed of CD8/CD8 double positive cells
whereas tumors in Setd4ox/flox mice are mainly CD8 single positive.

3.3. Genomic rearrangements and clonality in radiation-induced lymphomas

It is known that radiation induced DNA double strand break is the major cause of genomic
instability that lead to the development of T-lymphoma. To investigate whether Setd4
affected the types of chromosome rearrangements found in tumor, we performed genome
sequencing analysis (see Materials and Methods). Based on the analysis of tumor DNA from
Setd42A (N=9) and Setg4Tox/flox (N=7) mice, we found that in Setd42/2 thymic lymphomas,
the contribution of DNA deletion was significantly less than in Seta4%/floX_ However, there
was a significantly increased contribution of chromosome inversion (Fig. 5A). This data
further demonstrates that the Sefa4 deficiency not only altered overall tumor risk, the
kinetics of lymphoma development and composition of the of the radiation induced T
lymphomas (Fig. 2, 4), but also altered the fundamental process of tumor development.

We also determined if the tumors were derived from a single cell or were due to polyclonal
expansion many cells. To determine clonality of the thymic lymphomas, we sequenced the
T-cell antigen receptor B (TCRP) locus for 7 Setad4™0X/flox tumors (4 male and 3 females)

and 7 Setd42A tumors (4 males and 3 females), using a previously described approach[42,
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43]. We found that the relative contribution of productive vs. non-productive V(D)J
rearrangements was not significantly different between Setd40X/flox and Setd4?A tumors,
and almost all tumors had a single dominant clone that had a productive V(D)J
rearrangement (Fig. 5B). Furthermore, most of the radiation-induced lymphomas were
derived from the expansion of a single dominant clone independent the Setd4 status (Fig.
5C). These data suggested that Seta4 loss does not impact clonal expansion of T-lymphoma
development after irradiation, thus unlikely to directly impact on the V(D)J process or the
negative selection of non-productive rearrangements leading to nonfunctional TCR in the
thymic lymphomas.

3.4. Modulation of Tp53 deficiency induced T-lymphomagenesis by Setd4

Loss of 7p53not only increases the risk of spontaneous T-lymphoma, but also markedly
accelerates radiation-induced thymic lymphoma[5]. Because loss of Setd4 extends the
survival of radiation-induced thymic lymphoma, we determined whether Sefd4 loss would
also delay the tumor development in 7p53 deficient mice. We used the Tam-inducible
knockout approach with 7p5370X/floX-Rosa26-CreERT2 mice[33]. The structure of the Tp53
allele and PCR genotyping strategy used are illustrated in Fig. S5A, S5B. The effectiveness
of Tam-induced Tp53 deletion was confirmed by PCR and western blots (Fig. S5C, S5D).
Setd4"ox/floX -Rosa26-CreERTZ mice were crossed with 7p5370X/f0X 1o allow for Setd4 and
Tp53 double deletion after tamoxifen treatment. First, we observed that spontaneous
tumorigenesis in the 7p53 deficient mouse cohorts, including the time course of the tumor
formation and tumor types (Fig. S6) were similar to previously reported by others [44, 45].
Co-deletion of Seta4 significantly accelerated spontaneous tumor development in 7p534
(P=0.0129) but not in 753" mice (p=0.0796) (Fig. 6A).

We next investigated whether Setd4 deletion altered radiation-induced lymphoma
development in 7p53deficient mice using the same 4x2Gy radiation exposure scheme as in
Fig. 2C. We found that exposure to radiation accelerated thymic lymphoma formation in the
7p53Y4 mice and majority of these tumors caused death within 100 days post TBI (compare
Fig. 6B with 6A). This radiation accelerated thymic tumor formation was also observed in
the 7p53"! mice (compare Fig. 6C with 6A). However, co-deletion of Setd4 in these mice
did not affect the tumor development in Setd444; Tp53Y4 mice (Fig. 6B) or
Setd4VA - Tp53Y™ (Fig. 6C) as in the case of p53 wild type mice (Fig. 2C). Furthermore,
Setd4Y4 - Tp53Y2 mice mainly died of non-disseminated thymic lymphomas (tumors
confined to the thymus), unlike Setd424 mice in which the tumors were widely
disseminated to other organs. The Setd424; Tp53Y4 thymic lymphoma were significantly
larger in size (Fig. 6D). Thus, loss of Sefd4 failed to delay radiation-induced thymic
lymphoma in a 7p53 deficient background. In other words, p53 deficiency overrode the
effect of Setd4 deficiency induced delay of radiation carcinogenesis. However, Setd4
deletion can accelerate the development of spontaneous lymphoma in p53 null mice (Fig.
6A).
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4. Discussion

In this report, we showed that the induced deletion of mouse Sefd4 in adults extended the
mouse survival in a radiation-induced T cell lymphoma model. Setd4 deficient T-lymphomas
were composed of mostly CD4/CD8 double positive T lymphoma cells and had unique
genomic rearrangement patterns that were distinct from wild type tumors, but yet, like wild
tumors, were derived from single clonotypes.

Radiation damage induced lymphomagenesis often begins prior to T cell development in the
thymus and is thought begin in the hematopoietic stem/progenitor cells in the bone
marrow[2], since it can be prevented by shielding part of bones or transplanting healthy
hematopoietic stem/progenitor cells[46, 47]. The induction of mouse T-lymphoma by
fractionated -y-radiation exposure is a classical model to study radiation carcinogenesis.
Using this experimental model, both risk factors, such as p53 deletion[5], and protective
modalities, such as deletions of TLR4[48], have been successfully identified for T-
lymphoma development. Our study established Sefd4 as a previously unknown modulator of
radiation induced lymphomagenesis. The extended T-lymphoma survival of the Sefd4
deficient mice indicated that Setd4 itself may have an oncogenic activity. This is in
agreement with the recent identifications of SE7D4 oncogenic fusions (see supplement
Table in Gao et al[32]), and the correlative SETD4 expression in cancers [29-31].

Itis likely that the effects of Sefd4 deletion on the survival from T-lymphoma could be
attributed by either the intrinsic property of the Setd4 deficient tumor cells, and/or the Setd4
depleted tumor environment in the mice. Two lines of evidence suggested that Sefd4 deletion
affected the intrinsic properties of the tumor cells. First, the Sefd4 deficient T-lymphoma
were mostly CD4/CD8 double positive, while the tumors developed in wild type mice were
mostly CD8 single positive. Second, genome sequencing revealed that there were more
inversions events but fewer deletion events in the Setd44/2 tumor than the Seta4ox/flox
tumors (Fig. 5A). Although the Setd424 tumors had were more likely to disseminate to
other tissues than the wild type tumors (Fig. 3), the Seta4%4 tumors were analyzed at a
slightly later time frame due to delayed death of Setd422 mice. Thus, a full understanding
of Setd4 function in mediating tumor dissemination and the contribution of the tumor
environment will require future investigation.

In our studies, Setd4 deletion was induced in adult mice. Thus, our mouse model avoided
potential adverse effects of development due to Setd4 deletion during embryogenesis and at
young ages, which can be unavoidable when constitutive Setd4 knockout is used. During T
cell development in the thymus, the developing T cells transition through a CD4/CD8 double
positive stage[49] followed by further differentiated into CD4 or CD8 single positive cells.
Our discovery that the T lymphomas from Setd4%4 mice were mostly CD4/CD8 double
positive suggests that tumors in these mice are derived from less differentiated cells
compared to T lymphomas from Setd470X/flox mice which are mostly CD8 single positive.
Differential development of normal CD4 and CD8 double positive cells have been linked to
numerous diseases including cancer[49]. The majority of T cell development takes place in
young mice. An analysis of T cell population in the normal spleens did not show any
difference of the relative abundance of the CD4 and CD8 cells (data not shown).
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The immunological tumor microenvironment is a known determinant for tumor infiltration
through the regulation of pro-tumor cytokines[50]. Myeloid-derived suppressor cell
(MDSCs) are a heterogeneous population of suppressive innate immune cells that exists only
in pathological conditions such as chronic inflammation and cancer [51, 52]. MDSCs
suppress both innate and adaptive immunity within tumor microenvironments via the
production of immune-suppressive molecules [51]. The presence of MDSC in the tumor
tissue is considered an indicator of an immunologically suppressed microenvironment [53]
and is strongly associated with metastasis [54]. Therefore, we measured MDSCs
(phenotypically defined as defined as CD11b*, Gr-1*) in tumors from Setd4 deficient mice
that had infiltrated peripheral tissues. However, we did not observe any significant
differences in the percentage of MDSCs in Setad4%4 and Setd4"0X/flox mice (Fig. S7). Toll-
like receptor 4 (TLR-4) deficient mice show delayed tumorigenesis after irradiation[48]. We
noticed that the delayed T-lymphoma development (Fig. 2C) was very much like a
phenaocopy of the TLR4 deficient mice [48] after radiation. While this manuscript was in the
final preparation, a new report suggested that constitutive Setd4 deletion can abrogate TLR
agonist LPS elicited cytokine-induction in macrophages [55]. Thus, it is possible that Setd4
is a down-stream mediator of the TLR elicited tumor progression that may contribute to the
tumor-environment interaction, a hypothesis to be tested in the future. It had been suggested
that H4K20 and H3K79 might be the substrates of human and Artemia SETD4[28, 56].
However, a recent report was not able to confirm these sites, and it instead suggested H3K4
as a substrate of SETD4 in macrophages [55]. Thus, an important question to be addressed
in the future is the identities of the physiological substrate(s) of SETD4 in the context of
radiation-induced carcinogenesis.

In summary, our studies show that Setd4 deficiency delays radiation-induced development of
T-lymphoma in adult mice, and that these lymphomas were mostly CD4/CD8 double
positive. These findings may have important implications to reduce cancer risk caused by
radiation-induced DNA damage.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:
. The Setd4 gene plays a role in tumorigenesis.
. Induced Setd4 deletion in adult mice delayed the development of radiation-

induced T- lymphomas.
. The Setd4 deficient T-lymphomas had distinct CD8/CD4 marker distribution.

. Setd4 deletion accelerated the spontaneous lymphoma development but did
not alter the radiation induced T-lymphoma in Tp53 deficient mice.

. The study suggests Setd4 as a potential target to suppress lymphoma
progression.
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Fig. 1. Verification of tamoxifen (Tam) -induced deletion of Setd4 exon- 6 in mice.
(A) The genomic DNA configuration of the three Setd4 alleles. Exon 6 of the wild type

allele was flanked by two LoxP sites inserted into introns 5 and 6 to produce the floxed
Setd4 allele. Upon Cre-mediated recombination between the LoxP sites, exon 6 is excised to
produce the AExoné6 allele. The locations of primers used for PCR based genotyping and the
expected product size are indicated as red lines above (forward primers) or below (reverse
primers) each allele and are labeled A-D. See Table S3 for the expected sizes of PCR
products using the indicated primer pairs.

(B) Multiplex PCR assay demonstrating Setd4 exon 6 deletion. PCR analysis of DNA from
the indicated tissues for a representative pair of Setad4/oX/floX-Rosa26-CreERTZ" littermates
mice that were injected with Tam or with oil as a negative control (Qil) are shown. The
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primers A, B, and C (as shown in panel A) were used for the PCRs. The upper band
corresponds to the AExon6 allele (369 bp, primers A and C), and the lower band is the
resulting PCR product from floxed allele (318 bp, primers A and B). Tam treatment
converted the majority of floxed allele to the AExon6 allele in most of the tissues, except for
the cerebrum and cerebellum, likely due to restricted entry of Tam through the blood-brain-
barrier.

(C) gRT-PCR verification of Setd4 mRNA downregulation in Tam-treated mice. A primer
overlapping the junction between exons 5 and 6 was used for to assay for Setd4 mRNA
down regulation by gRT-PCR from the indicated tissues. The primer locations are indicated
by red arrows. The correct product size at PCR completion was verified for both Setd4 and
B-actin cDNA by agarose electrophoresis (left). The bar graph (right) represents the Setd4
MRNA levels relative B-actin levels for the indicated tissues. Error bars represent SDs of the
means, based on the results of three independent repeats.

(D) Kaplan-Meier survival curves of Tam and Oil treated Setd4™0X/flox-Rosa26-CreERT2
mice. Six-to-eight week-old mice were injected with Tam or Oil (as control) 5 daily times. A
total of 31 Oil and 29 Tam treated Setad4"X/floX -Rosa26-CreERT mice were monitored for
up to 700 days of age. p = 0.55 (log-rank Mantel-Cox test).
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Fig. 2. Loss of Setd4 extends the survival from radiation-induced T-lymphoma.
Sex matched littermates of Setd40X/flox-Rposa26-CreERTZ* were treated with tamoxifen or

oil to produce Setd424 or and Setd4™0x/floX mice. These mice were exposed to four weekly
2 Gy of y-irradiation (4x2Gy), and the long-term survival were monitored for 500 days after
irradiation.

(A) Representative gross features of thymic lymphoma. Note the mouse usually carried a
large thymic lymphoma and enlarged spleen or liver.

(B) H&E and immunohistochemistry (IHC) staining of representative tumors. The tumor
cells in thymus and infiltrated organs (spleen and liver) were stained for Ki-67, CD3 and
B220/CD45R. Magnification: 100x. Scale Bar: 100 pM.

(C) Kaplan-Meier survival of sex-matched littermate Setad424 (n=50) and Setq4flox/flox
(n=53) mice. Shown are the days of survival since the beginning of irradiation. The median
survival was 245 days for Setd444 and 195 days for Setg4/0x/flox p = 0,016 (log-rank
Mantel-Cox test).
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(D) Representative genotypes of tumor DNA obtained from thymic lymphoma (TL), Spleen
(Sp), and livers (L) using multiplex PCR that simultaneously detect the wt, Flox-Exon6, and
AExon6 alleles.
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Fig. 3. Characterizations of tumor size and dissemination.
(A) Left panel: Plot of thymic lymphoma tumor weight on the day of death. Right panel:

comparison of tumor weight between Setd442 and Seta4/0X/flox mice. P=0.32 (all cases),
p=0.046 (cases died within 195 days), p=0.47 (case died after 195 days).

(B) Representative IHC staining (left) of cleaved caspase-3 and quantitative comparison
(right).

(C) Representative IHC staining of CD3 in peripheral organs, including spleen, liver, kidney,
and lung.

(D) Tumor dissemination score based on a semi-quantitative estimation of tumor infiltration
in spleen, liver, kidney, and lung (Table 1). p =0.02.
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Fig. 4. Different subtypes of thymic lymphoma in Setd42/2 and Setd4floX/flox mjce.
(A, B) Cell suspension of fresh thymic lymphoma tissues and spleen were used to stain for

the CD4 and CD8 markers and analyzed by flow cytometer. (A) shows a set of
representative flow cytometric profiles in a normal thymus, and thymic tumor cells of
Setd4YA and Setd4"10x/floX mice. (B) shows representative flow cytometric profiles in a
normal spleen and tumor infiltrated spleens of Setd424 and Setd4™ox/flox mice. Right panels
show the ratios between CD8*/CD4™* double positive cells and CD8*/CD4" cells. *: p < 0.05
based on unpaired Student t test.

(C) Representative IHC staining of CD4 and CD8 of thymic lymphoma. Scale bar: 100 pm.
(D) Representative fluorescent-1HC staining of CD4 and CD8 of thymic lymphoma. Scale
bar: 50 pm.

(E) Percentage of CD4 and CD8 positive cells in thymic lymphoma as identified by IHC and
fluorescent-1HC. Setd40x/flox (n=14), Setd4*4 (n=11)
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Fig. 5. Genomic rearrangements and clonality in radiation-induced T-lymphomas.
(A) Proportional burden of deletion (DEL), duplication (DUP), inversion (INV), and

translocation (TRA) events in the lymphoma genomes in Setad42/4 (Tam) and Setg4ox/flox
(Qil) mice. *: p < 0.05.

(B) The factions of lymphoma cells containing productive TCR recombination.

(C) The fractions of the most dominant clone among the lymphoma cells with productive
TCR recombination.
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Fig. 6. Effects of Setd4 deficiency on radiation-induced T-lymphoma in Tp53 deficient mice.
(A\) Effects of Setd4 deletion on spontaneous tumor formation in 7p53¥2and Tp53YWt

mice. Adult mice (8-10 weeks) of Setd41ox/flox - p53M0X/floX, Rosa 26-CerERT2*

(Setd4YA Tp53YA n=27), Setd4"/Wi:- Tp53M10X/110X; Rosa26-CerERT2* (Setd4VWt: Tp53Y4,
n=16), Seta41ox/flox - Tn53M0XWt R0sa26-CerERTZ (Setd4VA: Tp53VWt n=19), and
Setd4VWt - Tp53M10X Wt R0sa26-CerERTZ" (SetddV!WE:- Tp534WT n=21) were treated with
tamoxifen to induce 7p53and/or Setd4 deletion, and the spontaneous tumor formation were
monitored and presented. Values of log-rank Mantel-Cox tests are: Setdd"/"-Tp5344 ys.
Setd4VA - Tp53YA p = 0.013; SetddV/Wi- Tps53PWtys SetdddVA: Tp53M p = 0.08.

(B) Effect of Setd4 deletion on radiation-induced tumorigenesis in homozygous 7p53VA
mice. Adults SetdaW?W!-Tp53110x/flox: Rosa26-CreERT2" (Setdd"?™i-Tp5344, n=20), and
Setg4Tlox/flox - Tp53fox/flox-Rosa26-CreERT2™ (SetddV2 - Tp53Y4, n=19) were treated with
tamoxifen, irradiated, and monitored for tumor formation. The same survival curves of
Setg4Tox/flox - Tps3wIWt (@=53) and Setd44; Tp53W (1=50) as in Fig. 2C are re-plotted
here for the purpose of comparison.

(C) Effect of Setd4 deletion on radiation induced tumorigenesis in heterozygous 7p53/Wt
mice. Adults Rosa26-CreERT2 positive Setd4V/Wi- Tp53710XWt Rosa26-CreERT2*
(Setd4gVWt-Tp53 n=18), and Seta41ox/flox - Tp5F10XMWt-Rosa26-CreERT2*

(Setd4YA Tp53Y" n=18) were treated with tamoxifen, irradiated, and monitored for tumor
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formation. The same survival curves of Setg41oxX/flox-Tp53WIWt (=53) and
Setd4VA - Tp53Vt [=50) as in Fig. 2C are re-plotted here for the purpose of comparison.
(D) Weight of radiation-induced thymus tumors at the time of animal death in Sefd4 and
Tp53 deficient mice.

DNA Repair (Amst). Author manuscript; available in PMC 2021 February 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Feng et al.

Table 1.

Infiltration of thymic lymphoma in peripheral organs

Genotype Case ID | Survival days | Degree of tumor infiltration
post TBI
Spleen | Liver | Kidney | Lung

Setd4flox/flox | 1825 181 ++ ++ - -
1826 169 ++ + - +
1827 138 - - - +
1828 182 ++ +++ ++ ++
1829 166 ++ ++ + +
919-1 124 + +++ - +
927-1 141 + +++ +++ ++
927-2 141 +++ +++ + +++
1001-1 145 ++ + + +
1026-1 161 + +++ + +
1108 174 +++ +++ +++ +++
1204-1 200 + + ++4+ 4
1204-2 200 ++ +++ ++ +
1830 270 + - - -
1831 278 +++ +++ ++ -

Setd4v4 1818 289 e+ 4+ 4+ 4+
1819 279 +++ +++ +++ +++
1216 221 ++ +++ ++ +++
1821 161 +++ +++ +++ +++
1822 180 ++ + ++ ++
1823 177 + ++ + ++
1824 148 +++ ++ ++ +
913/906 | 111 +++ +++ +++ +++
1001-2 135 + + + ++
1127 193 +++ +++ +++ +++

The scores were based on IHC staining of CD3.
-: <5% of cells are T-cell marker positive.

+: 5-30% of cells are T-cell marker positive.
++: 30-60% of cells are T-cell marker positive.

+++: >60% of cells are T-cell marker positive.
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