
Cancers from novel Pole mutant mouse models provide insights 
into polymerase-mediated hypermutagenesis and immune 
checkpoint blockade

Melissa A. Galati1,2,3,§, Karl P. Hodel4,5,§,¥, Miki S. Gams6,7, Sumedha Sudhaman1,2, Taylor 
Bridge2,8, Walter J. Zahurancik9, Nathan A. Ungerleider5, Vivian S. Park4,5, Ayse B. 
Ercan1,2, Lazar Joksimovic1,2, Iram Siddiqui10,11, Robert Siddaway2,8, Melissa Edwards1,2, 
Richard de Borja1, Dana Elshaer1,2, Jiil Chung1,2,3, Victoria J. Forster1,2, Nuno M. Nunes1,2, 
Melyssa Aronson12, Xia Wang13, Jagadeesh Ramdas14, Andrea Seeley14, Tomasz 
Sarosiek15, Gavin P. Dunn16, Jonathan N. Byrd17, Oz Mordechai18, Carol Durno19, Alberto 
Martin7, Adam Shlien1,11, Eric Bouffet20, Zucai Suo9,21, James G. Jackson4,5, Cynthia E. 
Hawkins2,8,10,11, Cynthia J. Guidos6,7, Zachary F. Pursell4,5,*, Uri Tabori1,2,3,20,*

1Program in Genetics and Genome Biology, The Peter Gilgan Centre for Research and Learning, 
The Hospital for Sick Children, Toronto, ON, Canada 2The Arthur and Sonia Labatt Brain Tumour 
Research Centre, The Hospital for Sick Children, Toronto, ON, Canada 3Institute of Medical 
Science, Faculty of Medicine, University of Toronto, Toronto, ON, Canada 4Department of 
Biochemistry and Molecular Biology, Tulane University School of Medicine, New Orleans, LA, 
USA 5Tulane Cancer Center, Tulane University School of Medicine, 1430 Tulane Ave., New 
Orleans, LA, USA 6Program in Developmental and Stem Cell Biology, The Peter Gilgan Centre for 
Research and Learning, The Hospital for Sick Children, Toronto, ON, Canada 7Department of 
Immunology, Faculty of Medicine, University of Toronto, Toronto, ON, Canada 8Program in Cell 
Biology, The Peter Gilgan Centre for Research and Learning, The Hospital for Sick Children, 
Toronto, ON, Canada 9The Ohio State Biochemistry Program, The Ohio State University, 
Columbus, OH, USA 10Department of Pediatric Laboratory Medicine, Hospital for Sick Children, 
Toronto, ON, Canada 11Department of Laboratory Medicine and Pathobiology, Faculty of 
Medicine, University of Toronto, Toronto, ON, Canada 12The Familial Gastrointestinal Cancer 
Registry at the Zane Cohen Centre for Digestive Disease, Mount Sinai Hospital, Toronto, ON, 

Correspondence: uri.tabori@sickkids.ca (U.T.), Uri Tabori, The Hospital for Sick Children, 555 University Avenue, Toronto, ON, 
CANADA M5G1X8, Tel: 416 813 7654 ext. 1503, Fax: 416 813 5327, uri.tabori@sickkids.ca.
¥Current address: Department of Molecular Biology and Biochemistry, School of Biological Sciences, University of California Irvine, 
Irvine, CA, USA
§These authors contributed equally
*Senior Authors; these authors contributed equally
AUTHOR CONTRIBUTIONS:
Conceptualization: M.A.G., K.P.H., U.T., and Z.F.P.; Methodology: M.A.G., K.P.H., M.S.G., S.S., W.J.Z., Z.S., J.G.J., C.J.G., U.T., 
and Z.F.P.; Investigation: M.A.G., K.P.H., M.S.G., S.S., T.B., W.J.Z., V.S.P., A.B.E., L.J., I.S., R.d.B., and D.E.; Formal Analysis: 
M.A.G., K.P.H., M.S.G., W.J.Z., and C.J.G.; Resources and Data Curation: M.A.G., K.P.H., L.J., R.S., M.E., J.C., M.A., X.W., J.R., 
A.S., T.S. G.P.D., J.B., O.M., C.D., A.M., C.E.H., and C.J.G.; Writing – Original Draft: M.A.G., K.P.H., M.S.G., C.J.G., Z.F.P., and 
U.T.; Writing – Review & Editing: M.A.G., K.P.H., M.S.G., R.d.B., V.J.F., N.M.N., A.M., Z.S., J.G.J., C.J.G., Z.F.P., and U.T.; 
Visualization: M.A.G., K.P.H., M.S.G., V.S.P., and C.J.G.; Supervision: A.M., Z.S., C.E.H., C.J.G., Z.F.P., and U.T; Funding 
Acquisition: C.J.G., Z.S., Z.F.P., and U.T.

CONFLICT OF INTEREST STATEMENT
The authors have declared no conflicts of interest

HHS Public Access
Author manuscript
Cancer Res. Author manuscript; available in PMC 2021 June 22.

Published in final edited form as:
Cancer Res. 2020 December 15; 80(24): 5606–5618. doi:10.1158/0008-5472.CAN-20-0624.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Canada. 13H Lee Moffitt Cancer Centre and Research Institute, Tampa, FL, USA 14Department of 
Pediatrics, Geisinger Medical Center, Danville, PA, USA 15NZOZ Magodent, Warsaw, Poland 
16Department of Neurological Surgery, Andrew M. and Jane M. Bursky Center for Human 
Immunology and Immunotherapy Programs, Washington University School of Medicine, St. Louis, 
MO, USA 17Department of Neurology, Washington University School of Medicine, St. Louis, MO, 
USA 18Department of Pediatric Hematology Oncology, Rambam Health Care Campus, Haifa, 
Israel 19Division of Gastroenterology, Hepatology, and Nutrition, Department of Paediatrics, 
University of Toronto, The Hospital for Sick Children, Toronto, Ontario, Canada 20Division of 
Haematology/Oncology, The Hospital for Sick Children, Toronto, ON, Canada 21Department of 
Biomedical Sciences, College of Medicine, Florida State University, Tallahassee, FL, USA

Abstract

POLE mutations are a major cause of hypermutant cancers, yet questions remain regarding 

mechanisms of tumorigenesis, genotype-phenotype correlation, and therapeutic considerations. In 

this study, we establish mouse models harboring cancer-associated POLE mutations P286R and 

S459F, which cause rapid albeit distinct time to cancer initiation in vivo, independent of their 

exonuclease activity. Mouse and human correlates enabled novel stratification of POLE mutations 

into 3 groups based on clinical phenotype and mutagenicity. Cancers driven by these mutations 

displayed striking resemblance to the human ultra-hypermutation and specific signatures. 

Furthermore, Pole-driven cancers exhibited a continuous and stochastic mutagenesis mechanism, 

resulting in inter- and intratumoral heterogeneity. Checkpoint blockade did not prevent Pole 
lymphomas, but rather likely promoted lymphomagenesis as observed in humans. These 

observations provide insights into the carcinogenesis of POLE-driven tumors and valuable 

information for genetic counselling, surveillance, and immunotherapy for patients.
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INTRODUCTION

Eukaryotic DNA replication is a highly accurate process with an error rate of 10−10 

mutations per base per cell division[1]. This is enabled by the replication repair machinery 

which consists of two components. DNA polymerases δ (Pol δ) and ε (Pol ε) are the only 

nuclear DNA polymerases capable of highly accurate, processive DNA synthesis and current 

models place Pol δ and Pol ε at the lagging and leading strands, respectively[2–6]. These 

polymerases replicate the vast majority of the ~3 × 109 basepairs present in the human 

genome, which must be copied with high fidelity to preserve the transmission of sequence 

integrity to cell progeny. Two enzymatic properties intrinsic to Pol δ and ε that help to 

accomplish this task include nucleotide selectivity and 3’ to 5’ exonuclease proofreading.

Should a polymerase incorrectly insert a nucleotide and fail to excise the mispaired base, the 

mismatch repair (MMR) system can correct these polymerase errors in a post-replicative 
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manner[7]. Complete inactivation of MMR occurs somatically in several tumor types[8] and 

as germline events in constitutional mismatch repair deficiency (CMMRD)[9] and Lynch 

Syndrome (LS)[10]. Thus, MMR inactivation is a well-established pathway to mutagenesis 

and cancer susceptibility. Mutations in POLE are present in multiple cancers with high 

tumor mutation burdens (TMB)[11–15]. We established the International Replication Repair 

Deficiency Consortium (IRRDC) to study these replication repair deficient syndromes and 

tumors in humans. These studies uncovered several key questions regarding POLE 
tumorigenesis that existing human data cannot sufficiently resolve.

Firstly, only a limited number of POLE mutations cause ultra-hypermutation (>100 

mutations per megabase [Mut/Mb]) and cancer, since such mutations must maintain the 

protein’s polymerase ability while disabling proofreading function[15]. The nature of 

genotype-phenotype correlation of POLE mutations is therefore poorly understood. Initial 

reports of cases with germline POLE mutations that disrupt exonuclease activity described a 

mild phenotype, mainly consisting of adult-onset polyposis[11, 12, 16]. The phenotypic 

disparity between this benign polyposis syndrome and more aggressive cancers attributable 

to either germline[17] or somatic[18] POLE mutations suggests variable mutagenic driver 

capabilities between these mutations. Understanding the nature of this genotype-phenotype 

relationship is required to better counsel patients and initiate appropriate surveillance 

protocols.

Secondly, the process of mutation accumulation and tumorigenesis in POLE-driven cancers 

is poorly described. Human POLE-driven cancers exhibit a unique mutational signature 

dominated by three distinct base pair substitutions (BPS) defined by the context of their 5’ 

and 3’ flanking bases: C>A-TCT, C>T-TCG (COSMIC Signature 10)[19] and T>G-TTT 

(COSMIC Signature 28)[20, 21]. Various models of POLE proofreading deficiency, 

including experiments in yeast, human cells in culture, and with purified Pol ε protein in 
vitro, have independently provided evidence that mutant Pol ε is responsible for portions of 

the above mutational signature but the signature has not been entirely reconstructed in 

cancers in vivo[22–24]. Moreover, analysis of such signatures in vivo can be used to identify 

additional secondary mutagenic processes that act during tumor progression.

Finally, immune checkpoint inhibitors (ICI) have shown dramatic responses in hypermutant 

cancers including melanoma, lung, and MMR deficient tumors[25–28]. However, it is 

unclear whether POLE mutant tumors will respond to such therapies. Furthermore, 

preclinical testing for these drugs is hampered by lack of immunocompetent mouse models 

with hypermutant cancers.

Therefore, animal models which can robustly mimic the human POLE syndrome and cancer 

development are urgently needed to answer the questions above and to model response of 

polymerase mutant hypermutant cancers to immunotherapy.

Two previously reported models revealed striking differences in phenotype and failed to 

answer the above questions. Albertson and colleagues generated a mouse model of Pol ε 
exonuclease deficiency by engineering double-alanine substitutions at catalytic residues, 

D272 and E274 (exo−) in the Pole Exo I motif[29]. Strikingly, Pole+/exo- mice do not display 
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any tumor-susceptibility or abnormal survival despite global, germline expression of the exo
− allele, which retains negligible exonuclease activity at steady-state[23, 30]. In contrast, 

recently reported, LSL-PoleP286R mice that conditionally express the most recurrent POLE 
variants in human cancer, rapidly develop a diverse array of ultra-hypermutated tumors, 

indicating that the tumorigenic potential of these Pole mutations is variable[31]. These 

studies did not discuss the mutagenic processes throughout cancer development or their 

therapeutic implications. Moreover, tumors from LSL-PoleP286R mice did not recapitulate 

expected Pole-related signatures in their entirety.

To address the tumorigenic and therapeutic potential for POLE cancer variants in vivo, we 

developed CRISPR/Cas9-mediated knock-in mice harboring germline P286R and S459F 

mutations. The P286R and S459F alleles have been identified in multiple independent 

human tumors, with the former representing the most common mutations observed in human 

POLE driven cancers[32, 33] and the latter is commonly observed as a second somatic 

occurrence in MMR deficient cancers associated with extremely aggressive cancers with the 

highest TMBs[18]. Our models exhibit exceptionally strong, yet different, reduction in 

survival independent of the degree of exonuclease activity providing insight on human and 

mouse genotype-phenotype. Detailed analysis of these tumors revealed a complete 

recapitulation of Pole-related mutational signatures and a continuous, stochastic 

accumulation of mutations resulting in a high degree of inter and intratumoral heterogeneity 

affecting tumor propagation and treatment.

METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed and will be 

fulfilled by co-lead contact Uri Tabori (uri.tabori@sickkids.ca).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

PoleS459F Mouse Model—PoleS459F mice were generated in house at The Centre for 

Phenogenomics (TCP) (Toronto, ON, Canada) by direct delivery of Cas9 reagents to 

C57BL/6J (The Jackson Laboratory, Stock 000664) mouse zygotes at TCP as performed 

previously[34]. Briefly, a single guide RNA (sgRNA) with the desired spacer sequence (5’-

AGCATCTGACACTGAGTAAG-3’) was synthesized by in vitro transcription from a PCR-

derived template. A microinjection mixture of 20 ng/μL Cas9 mRNA (ThermoFisher, 

A29378), 10 ng/μL sgRNA, and 10 ng/μL single-stranded oligodeoxynucleotide (ssODN) 

template (5’-

ATGAATTTCCTTGGACCCTTGGTTTTTAATGGTCTTGCTCTCTGATGTTCTCCTCAG

ACTCTGGCtACTTACTtcGTGTCAGATGCTGTGGCTACTTACTACCTGTACATGAAAT

ACGTCCACCCCTTCATATTCGCCCTGTGCA-3’; mutated nucleotides indicated in 

lowercase) was microinjected into C57BL/6J zygotes. Injected zygotes were incubated in 

KSOMAA media (Zenith Biotech, ZEKS-50) at 37°C with 6% CO2 until same-day transfer 

into CD-1 (Charles River Labs, Strain 022) surrogate host mothers. PCR primers (5’- 

AAACTTGGCTATGACCCTGTAGAG-3’ and 5’-

GGGATATCACTTCTGAAGACACCAG-3’) flanking the sgRNA target site and outside of 
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the repair template homology arms, were used to amplify the region of interest from founder 

progeny. PCR amplicons were subjected to Sanger sequencing. Founders with the desired 

nucleotide changes were selected for breeding with C57BL/6J mice to produce N1 progeny 

that were confirmed by sequence analysis of PCR amplicons using the same primers. 

PoleS459F mice were housed at TCP and all procedures involving animals were performed in 

compliance with the Animals for Research Act of Ontario and the Guidelines of the 

Canadian Council on Animal Care. TCP Animal Care Committee reviewed and approved all 

procedures conducted on animals at TCP.

PoleP286R Mouse Model—PoleP286R mice were generated at The Jackson Laboratory 

(Bar Harbor, ME, USA) using a CRISPR/Cas9-mediated knock-in strategy. Three 

overlapping sgRNAs with the desired spacer sequences (5’-

TCAGCATCAGGGAATTTGAG-3’, 5’-TCTGATCGGTCTCAGCATCA-3’, 5’-

ATCTGATCGGTCTCAGCATC-3’) were synthesized by in vitro transcription. A 

microinjection mixture of wildtype Cas9, sgRNA, and ssODN (5’-

GTCCTTTTAGGACCCTGTGGTTTTGGCATTTGACATCGAGACGACCAAACTGCCTC

TCAAATTCCgTGATGCcGAGACCGATCAGATCATGATGATCTCCTATATGATTGATG

GCCAGGTGAACAGAATC-3’; mutated nucleotides indicated in lowercase) was 

microinjected into C57BL/6J zygotes. Injected zygotes were then transferred to 

pseudopregnant female mice. PCR primers (5’-TCCAAGATGAAGATGTTGTCCC-3’ and 

5’-CTAATCCACCCACAAGCCTC-3’) residing outside the of the repair template homology 

arms and capturing the gRNA target site were used to amplify the region of interest from 

founder progeny. Sanger-sequencing of PCR amplicons were performed to identify 

PoleP286R/+ mice, which were selected for breeding with C57BL/6J mice to produced N1 

progeny. Genotyping of N1 mice were performed as above. All animal care and procedures 

were approved by the Tulane School of Medicine Institutional Animal Care and Use 

Committee (Protocol #4445). All PoleP286R/+ and wildtype control mice were housed at the 

Tulane University SOM Vivarium (New Orleans, LA, USA).

Mlh1−/− Mouse Model—Mlh1−/− mice[35] were provided by A. Martin (University of 

Toronto) and housed as indicated above for PoleS459F mice. Mlh1 genotyping was 

performed as indicated previously[35] using the following primers: primer A, 

TGTCAATAGGCTGCCCTAGG; primer B, TGGAAGGATTGGAGCTACGG; and primer 

C, TTTTCAGTGCAGCCTATGCTC.

METHOD DETAILS

Determination of Pol ε Expression—Expression of the PoleS459F mutant allele was 

assessed in ear notches derived from adult PoleS459F/+, PoleS459F/S459F, and Pole+/+ mice. 

Total RNA was purified using the RNeasy Mini Kit (Qiagen). cDNA was synthesized using 

SuperScript® IV Reverse Transcriptase (Thermo Fisher Scientific) on 1μg of RNA. PCR 

was subsequently performed on cDNA with intron-spanning primers (forward: 5’-

ACTGCCTCAGGTGGGTGAAG-3’ and reverse: 5’-CTTCCGCAGCACCTCACTAGG-3’). 

Products were visualized by agarose gel electrophoresis using GelRed (Biotium). Gel 

purification was performed followed by Sanger sequencing to detect mutant and WT alleles.
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Pathology—Complete necropsies were performed, and the following tissues were taken 

for histology: brain, liver, spleen, heart, lungs, thymus, small and large intestines, and any 

abnormal tissue. Tissues samples were fixed in 10% phosphate buffered formalin, embedded 

in paraffin, sectioned, stained with hematoxylin and eosin, and examined by light 

microscopy. Pathologists (I. Siddiqui and C. Hawkins) reviewed all slides. Tumors were 

confirmed histologically.

Immunohistochemistry—Immunostaining was performed on unstained 5 μm slides from 

FFPE blocks. Sections were deparaffinized, rehydrated, and subjected to heat-mediated 

epitope retrieval using 0.01M Citrate Buffer pH 6.0. Sections were washed 2× 5 min in PBS-

T and, blocked in 2.5% Normal Goat Serum and incubated with either anti-CD3 (Dako, 

A0452; 1:200 dilution) or anti-B220 (Pharmingen, 553084; 1:2000) primary antibodies for 1 

hour at room temperature. Endogenous peroxidases were blocked using BLOXALL 

Blocking Solution (SP-6000) at room temperature for 15 minutes. Sections were 

subsequently washed and treated with ImmPRESS (Perixodase) Polymer IgG reagent (either 

ImmPRESS HRP Anti-Rabbit IgG (Peroxidase) Polymer Detection Kit, Vector Laboratories 

MP7451 or ImmPRESS HRP Anti-Rat IgG (Peroxidase) Polymer Detection Kit, Vector 

Laboratories MP-7404) for 30 minutes at room temperature. Sections were washed and then 

treated with DAB (Vector Laboratories SK-4100) for visualization followed by double 

distilled water for to stop the reaction. Sections were counterstained with Hematoxylin, 

dehydrated, mounted with a coverslip using VectaMount Permanent Mounting Media 

(Vector Laboratories, H-5000).

Literature Search for case reports of germline POLE mutations—MeSH search 

terms: (((((((“hereditary colorectal cancer”) OR “colorectal cancer”) OR “endometrial 

cancer”) OR polymerase proofreading associated polyposis) OR “genetic risk factors”) 

AND POLE) AND mutations) AND germline).

POLE exonuclease excision rate assay—Excision rate constants were measured as 

previously described[36, 37]. Briefly, a pre-incubated solution of Pol e (100 nM) and 5′
−32P-labeled DNA substrate (20 nM) was rapidly mixed with Mg2+ (8 mM) in reaction 

buffer at 37°C. After various incubation times, the reaction was quenched with the addition 

of EDTA. The excision rate constants for POLE wild-type, D275A/E277A, P286H, P286R, 

F367S, L424V, L424I, and S459F were measured using a rapid chemical quench-flow 

apparatus. Product concentration was plotted versus time and fit to a single-exponential 

equation, [product] = Aexp(−kexot), to yield the excision rate constant, kexo.

Prophylactic Immunotherapy—PoleS459F/S459F mice were stratified into four treatment 

groups and beginning at 6–8 weeks of age were injected intraperitoneally (IP) with either: 1. 

Vehicle-only (PBS, pH = 7.0); 2. Anti-mouse CTLA-4 200μg (BioXcell, Catalog No. 

648317J2B); 3. Anti-mouse PD1 250μg (BioXcell, Catalog No. 665418F1); or 4. Anti-

mouse CTLA-4 200μg + anti-mouse PD1 250μg. Mice were injected every 3–4 days until 

endpoint. At endpoint, mice were euthanized and whole-body necropsied. All 

macroscopically visible abnormal tissue was collected and subsequently divided to formalin-

fix and paraffin-embed, snap freeze, and dissociate for viable freezing of tumor cells.
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Statistical Analysis—Kaplan-Meier curves of mouse survival logs were generated via the 

GraphPad Prismv7 software. Log-rank test was performed with the same software to 

calculate the p-value. Statistical significance was set at p < 0.05.

Whole Exome Sequencing and Variant Calling—DNA from both tumor and normal 

tissues was isolated using the Qiagen DNeasy Kit (Catalog No. 69504) and subsequently 

submitted to The Center for Applied Genomics (Hospital for Sick Children, Toronto, ON, 

Canada), for whole exome sequencing (WES), alignment to the reference genome and 

variant calling. Agilent’s SureSelectXT Mouse All Exon kit was used for enrichment and 

paired-end sequencing was done on Illumina HiSeq4000. For two PoleP286R/+ tumors (1098 

and 1144), tumor and control tail gDNA was submitted to the Beijing Genomics Institute 

(BGI) Americas at Children’s Hospital of Philadelphia (CHOP). Prior to sequencing, DNA 

was enriched using Agilent SureSelect XT Mouse All Exon Kit. Paired-end WES was 

performed on an Illumina HiSeq4000. FASTQ files from these two mice were processed in 

the same manner as all other samples in the current study as follows. The software 

bcl2fastq2 v2.17 was used to generate raw FASTQ files. Alignment to the mouse mm10 

reference genome was done using BWA-MEM 0.7.12, followed by PicardTools 1.133 to 

mark duplicates and sort the BAM file, and GATK 3.4–46 ‘IndelRealigner’ for local 

realignment of reads. Variant calling was done as described by Doran et al., 2016 using 

SAMtools 1.3.1 (for mpileup), BCFtools 1.3.1 and VCFtools 0.1.12a[38]. GATK MuTect2 

was also used to compare tumor and matched normal samples to call somatic SNVs and 

indels and annotation of variants was done using ANNOVAR (version Feb 2016).

Data Analysis—The TMB from WES data was plotted per chromosome using 

easyGgplot2 on R. DeConstructSigs[39] was used to determine COSMIC signatures 

(Alexandrov et al., 2013) in the mutation spectrum within a tri-nucleotide context for each 

sample. All analyses were done on R version 3.4.4 using the high-performance computing 

cluster at the Hospital for Sick Children.

Data Availability—Data generated during our study have been deposited in the NCBI’s 

Sequence Read Archive (SRA) database under the accession code PRJNA659565.

Mass Cytometry Methods

Cell Staining for Mass Cytometry: Spleen, lymph node or thymus from PoleS459F/+ or 

PoleS459F/S459F mice showing clinical signs of malignancy and enlargement of one or more 

lymphoid tissues were mechanically digested to release single cells and cryopreserved. 

Freshly harvested spleen from Pole+/+ control mice was dissociated into single cell 

suspensions on the day of each immunophenotyping experiment to use as a staining control. 

Cryopreserved cells were thawed and washed twice in pre-warmed complete (c) RPMI 

(RPMI, 10% FBS, 25mM Hepes, 55 μM β-mercaptoethanol, 0.1 mM non-essential amino 

acids, 1mM sodium pyruvate, 2mM L-Glutamine) containing 200 μg/ml DNAse. Cells were 

pelleted, resuspended in cRPMI, and counted using Trypan Blue via a hemocytometer. Cell 

concentration was adjusted to 2×106 cells/ml and placed at 37°C in a humidified 5% CO2 

incubator for 30ʹ. After 30’, 500nM 127IdU (5-127Iodo-2’ deoxyuridine) was added for an 

additional 60ʹ to label newly synthesized DNA in proliferating cells. Cells were then washed 
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prior to blocking Fc Receptors as previously described[40], washed again and then stained 

for 30’ at RT with anti-CD45 tagged with 89Y or 156Gd. After washing, pairs of bar-coded 

samples (stained with different CD45 conjugates) were combined into a single 5 mL tube 

polypropylene to perform multi-plexed staining with pre-determined optimal concentrations 

of metal-tagged antibodies specific for cell surface markers, Cisplatin (BioVision Inc., USA) 

to stain dead cells and transcription factor antibodies as previously described[40]. After the 

final wash, cells were re-suspended in PBS containing 0.3% saponin, 1.6% formaldehyde, 

and 100 μM 191/193Iridium to stain nuclear DNA for up to 48h at 4°C. Prior to analyzing 

stained cells on the Helios, cells were washed and re-suspended in Maxpar Cell Acquisition 

Solution (Fluidigm, Markham ON Canada) at 2–5×105/ml followed by addition of 5-

element EQ normalization beads (Fluidigm, Markham ON, Canada). Samples were acquired 

on the Helios according to Fluidigm’s protocols. The Helios software (v6.7.1014) was used 

for pre-processing to generate and normalize FCS 3.0 datafiles.

Metal-tagged Antibodies: The following antibodies were directly purchased from 

Fluidigm: CD45-89Y, CD150-167Er, and Lag3-174Yb. All other antibodies were purified 

from hybridoma supernatants in-house or purchased as purified carrier-free antibodies and 

metal-tagged using Fluidigm Maxpar Metal Conjugation Kits according to the 

manufacturer’s instructions. Panel and antibody information can be found in Table S1. This 

panel was used in two experiments to stain single cell suspensions from enlarged lymphoid 

tissues from a total of 16 untreated mice, 4 anti-CTLA-4 treated mice, 5 anti-PD1 treated 

mice, and 6 combination therapy treated mice.

CyTOF Data Analysis: FCS 3.0 files were uploaded into Cytobank (Santa Clara, CA) and 

each parameter was scaled using the Arcsinh transformation (scale argument of 5). Each 2-

plex FCS file was manually de-convolved into separate FCS files (using the ‘split files by 

population’ feature in Cytobank) containing either CD45-89Y+ or CD45-156Gd+ cells, which 

were then further gated to remove EQ beads, dead cells, debris, and aggregates. FCS files 

containing 12,500 CD45+ live single cells from each sample were exported for clustering 

using the FlowSOM algorithm (github.com/SofieVG/FlowSOM) [41]. Clustering was 

performed (k = 30, Arcsinh scale argument of 5) on 2 WT spleen and 16 tumor samples 

using the markers indicated in Table S1. The FlowFrame utilility within the Bioconductor R 

package ‘flowCore’ was used to create new FCS files that include the FlowSOM cluster IDs, 

which were then uploaded to Cytobank where t-SNE dimensionality reduction was 

performed (iterations: 3000, perplexity:30, theta: 0.5) using the clustering markers. The 

FlowSOM cluster IDs were also included to enhance visualization of the FlowSOM clusters 

in the t-SNE embedding[42].

Statistical Analysis for Mass Cytometry Data: Prismv8.2.0 was used to perform ordinary 

one-way ANOVA with post-hoc comparisons of means of each column with every other 

column (Fig. 3C–E) or the mean of untreated control with the other columns (Fig. 4C). 

Correction for multiple testing was performed using the two-stage linear step-up procedure 

of Benjamini, Krieger and Yekutieli (FDR=5%) to calculate adjusted p values (ie., q values). 

In Fig. 3, 4 and Supplementary Fig. 6, *: q<0.033; **: q<0.002; ***: q<0.001.
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RESULTS

Pole mutant mice provide insight into genotype-phenotype in humans.

To model the role of different POLE exonuclease domain mutants (EDM) on tumorigenesis 

in vivo, we used a CRISPR/Cas9-mediated knock-in approach to generate mice harboring 

the clinically relevant, P286R or S459F substitutions (Supplementary Fig. S1A and S2A). 

Expression of mutant and WT alleles was confirmed by either sequencing of cDNA 

amplified using intron-spanning primers (Supplementary Fig. S1B and S2B). Litters from 

PoleS459F/+ × PoleS459F/+ breeders exhibited normal Mendelian distribution of WT and 

mutant Pole alleles (p = 0.9869, Chi-Square independence test). However, litters from 

PoleP286R/+× PoleP286R/+ breeders never produced PoleP286R/P286R neonates (p = 0.0014, 

Chi-Square independence test) and PoleP286R/P286R embryos were not observed after 

embryonic day E13.5, suggesting embryonic lethality (Supplementary Fig. S1C). In contrast, 

male and female PoleS459F/+, PoleS459F/S459F, and PoleP286R/+ mice reached sexual maturity 

and were fertile.

Although all PoleS459F/+, PoleS459F/S459F, and PoleP286R/+ mice survived into adulthood, 

they rapidly succumbed to aggressive cancers beginning as early as 1.2 (PoleS459F/S459F), 

4.1 (PoleS459F/+) and 2.0 (PoleP286R/+) months. Tumor-free survival differed significantly 

between genotypes (Fig. 1A). As expected, given the additional mutant allele, 

PoleS459F/S459F mice had significantly shorter median survival compared to PoleS459F/+ mice 

(p < 0.0001). Moreover, PoleP286R/P286R mice were non-viable, confirming a more severe 

phenotype in homozygous mutants compared to heterozygous P286R mutants in vivo 
consistent with previously characterized Pole mutant mice[29, 31]. Importantly, PoleP286R/+ 

mice had shorter tumor-free survival than PoleS459F/+ mice, and since PoleS459F/S459F were 

viable, the same could be presumed for homozygous mutants. Furthermore, the influence of 

a single P286R or S459F allele on survival observed here was remarkably more severe than 

the Pole exo− allele previously reported[29]. Together, these findings reveal a genotype-

phenotype correlation between Pole mutant genotypes and tumor penetrance in mice.

Necropsy and pathology findings revealed that the majority of PoleS459F/+, PoleS459F/S459F, 

and PoleP286R/+ mice had hepatosplenomegaly, large mediastinal (thymic) masses, and/or 

enlarged lymph nodes, suggesting the presence of lymphomas with similar characteristics to 

those described in replication repair deficient (RRD) models[43–45] (Supplementary Table 

S2 and Supplementary Fig. S1D–H and S2C–I). Other tumor types observed in PoleS459F 

mice included those observed in humans such as adenoma and adenocarcinoma of the 

gastrointestinal (GI) tract, and other uncommon cancers such as sarcoma, and germ cell.

To determine the relevance of this correlation to human disease, particularly with respect to 

instances of germline POLE mutations, we collected clinical data from the IRRDC[15, 18] 

and published data on cases harboring germline or sporadic POLE mutations (summarized 

in Supplementary Table S3). We found that driver status POLE mutations could be classified 

into three distinct categories corresponding to their clinical presentation (Fig. 1B). Less 

severe mutations, including several outside the exonuclease domain, were detected in the 

germline of individuals across families, had low penetrance, predisposing to a mild 

phenotype of adult-onset polyposis of the GI tract and late-onset colorectal cancer (CRC). A 
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second set of mutations, including P436R, were also found in the germline and predisposed 

to early-onset, more aggressive tumors such as brain malignancies and childhood-onset 

CRC. Finally, a third group of mutations, including P286R and S459F, were only observed 

as somatically acquired mutations in various cancers suggesting that these mutations are 

more aggressive than mutations tolerated in the germline.

To explore the potential mechanisms of this phenomenon and its correlation to the human 

syndrome we first determined whether survival differences between Pole mutant mice could 

be explained by differing effects of mutations on exonuclease function. We performed in 
vitro enzymatic reactions as previously conducted to assess exonuclease activity of several 

POLE mutants[36, 37]. Interestingly, the S459F mutation ablated exonuclease activity nearly 

100-fold more than either the P286R or D275A/E277A mutations, suggesting that 

exonuclease activity alone cannot explain the ability of a mutation to drive tumor 

development in vivo (Fig. 1C). Recent data in Saccharomyces cerevisiae demonstrate that 

the mutation rate of P286R is the highest observed, and both P286R and S459F are 

significantly higher than D275A/E277A[22]. Moreover, the ultramutator phenotype 

conferred by the P286R mutation may be due to hyperactive polymerase activity rather than 

decreased exonuclease activity alone[46]. These findings provide possible mechanisms that 

explain the differences in survival observed between Pole mutants and support a genotype-

phenotype correlation of POLE mutations in humans.

The genetic profiles of Pole mutant tumors resemble human cancers

POLE exonuclease deficiency in human malignancy is genetically characterized by genome-

wide ultra-hypermutation and mutational signatures 10[19] and 28[20, 21]. However, the 

kinetics of mutation accumulation over time is not known. To study these processes, we 

performed whole exome sequencing (WES) on multiple tumors and spatial locations from 

PoleP286R/+, PoleS459F/+, and PoleS459F/S459F mice. Sequenced tumors mainly consisted of 

lymphomas (26/29 across all three Pole genotypes) since these were the predominant tumors 

observed, but also included several non-lymphoma tumors (1 GI, 1 testicular cancer, and 1 

sarcoma) (Fig 2A). All Pole mutant tumors were ultra-hypermutant with an average TMB of 

170.5 Mut/Mb across all three genotypes (Fig. 2A), comparable to findings from human 

POLE mutant cancers. To ensure these findings were unique to Pole mutant mouse tumors, 

we sequenced tumors (5 lymphomas and 1 GI cancer) from MMRD mice harboring 

homozygous deletion of Mlh1 (Mlh1−/−)[35], as well as a cohort of tumors (5 lymphomas, 

2 brain tumors, and 1 lung cancer) from replication repair proficient mice. Mlh1−/− tumors 

were hypermutant and exhibited mutational burdens consistent with human LS and 

CMMRD cancers (between 10 to 100 Mut/MB) but were significantly lower than all Pole 
mutant tumors (p=0.00022). Both Pole mutant and Mlh1−/− mouse tumors harboured 

significantly higher mutational loads than replication repair proficient mouse cancers 

(p=2×10−5 and 0.0037, respectively; Fig. 2A). These mutations were evenly distributed 

throughout the exome (Fig. 2B and Supplementary Fig. S3) suggesting a stochastic 

mutagenesis mechanism.

Mutational signatures are often indicative of specific mechanisms of mutagenesis. We 

plotted the proportion of tumor SNVs within specific trinucleotide contexts and performed 
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signatures analysis using the R package deconstructSigs[39]. Signatures 10 and 28—

characteristic of POLE exonuclease deficient tumors[19–21]—were found in all Pole mutant 

mouse tumors and together constituted the largest proportion of signatures present in each 

tumor (Supplementary Fig. S4).

To study how mutations accumulate in POLE mutant cancers, we examined tumors from 

multiple sites. As germline RRD in humans can result in multiple synchronous cancers[9], 

we first determined whether all lesions from several sites (liver, spleen, lymph node, and 

thymus) indeed originated from a single tumor. We examined sequencing data from 4 such 

mice (2 PoleP286R/+, 1 PoleS459F/+, and 1 PoleS459F/S459F). In all cases, there was a 

significant number of common SNVs present in all tumor tissues (Fig. 2C and 

Supplementary Fig. S5). These data suggest that a single hematopoietic malignancy arose in 

Pole mutant mice allowing us to study mutational processes temporally and spatially.

We next studied the mutational landscape of multi-site tumors in more detail. Despite 

significant overlap in mutations (>1000 SNVs shared), each tumor fraction also had a 

significant proportion of mutations unique to that fraction. By plotting the variant allele 

fractions (VAFs) of mutations unique and common to tumor fractions we were able to 

observe the emergence of both early and late clones (Fig. 2D and Supplementary Fig. S5), 

supporting a stochastic mutagenesis mechanism that acts continually.

We then used mutational analysis as described above to detect unique signatures in specific 

tumor clones in sites absent in other fractions. For example, PoleS459F/S459F tumors from 

mouse 4802 revealed signatures specific to MMR deficiency and combined MMR and 

POLE exonuclease deficiency only in the thymus (Fig. 2E). This was not observed in 

common, shared, or private SNVs in the liver and spleen. The phenomenon of complete 

RRD (loss of both MMR and polymerase proofreading) recapitulates our observations in 

human cancers which may start as polymerase mutant, and subsequently develop 

MMRD[15] and in cases of CMMRD that develop secondary somatic polymerase 

exonuclease deficiency[18].

Together, ultrahypermutation, the pattern of mutational accumulation, and signatures suggest 

that the underlying mutagenesis mechanism for Pol ε exonuclease deficiency is consistent 

between humans and mice and is a stochastic and continuous process.

Pole mutant mice develop two distinct types of T cell lymphoma

Having established the genetic processes affecting tumorigenesis in Pole mutant mice, we 

used high dimensional immune phenotyping to better understand whether the unique genetic 

mechanism affects the cellular origin and heterogeneity of lymphomas in mutant mice. We 

used mass cytometry to simultaneously analyze expression of 30 markers of hematopoietic 

cell lineage and activation/differentiation state (Supplementary Table S1) among single cells 

from enlarged thymus (T), spleen (S or SPL) or lymph nodes (L) of moribund 

PoleS459F/S459F (n=12) and PoleS459F/+(n=4) mice. Unsupervised FlowSOM clustering 

followed by t-Stochastic Neighbor Embedding (tSNE) revealed striking differences in the 

phenotype and abundance of T and B cell subsets in lymphoma samples versus those in 

wild-type (WT) SPL (Fig. 3A and Supplementary Fig. S6A,B). Cell clusters expressing T 
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lineage markers (TCRβ, CD4 and/or CD8β) were more abundant in the lymphoma samples 

than in WT SPL, suggesting that the lymphomas were of T lineage origin. However, in some 

samples there were multiple T lineage clusters with varying expression of TCRβ, CD4, 

and/or CD8β, whereas in others there was a single predominant TCRβ+ CD4+ CD8β− 

cluster.

The t-SNE plots also showed that two different T cell subsets were proliferating across 

samples, based on incorporation of 127I-iododeoxyuridine (IdU), a thymidine analogue. 

There was little overlap among the T cell clusters or proliferating cells on the t-SNE plots in 

these two groups, suggesting two distinct T cell lymphoma subtypes, which we termed 

Group A and Group B. Group A lymphomas likely came from thymus where T cells 

develop, and subsequently tumors spread to SPL, lymph node and liver (see Supplementary 

Table S2). Group B lymphomas likely came from SPL or lymph node, which are secondary 

lymphoid tissues where naïve T and B cells undergo antigen-triggered differentiation into 

immune effector cells. Group B samples contained more B and myeloid cells than Group A 

samples (Supplementary Fig. S6B), likely reflecting their different tissues of origin. 

Immunohistochemistry (IHC) staining for CD3 in WT SPL, Group A and Group B tumors 

as well as staining for B220 in WT SPL and Group B tumors supported these findings 

(Supplemenary Fig. S6C).

Because non-T cells were abundant in Group B lymphomas, we generated a heatmap to 

better visualize group-specific expression of T cell markers among cells lacking B and 

myeloid cell markers. These analyses revealed significant inter-and intratumoral 

heterogenity both between and within Group A and Group B lymphomas. Group A samples 

expressed high amounts of CD8β together with variable amounts of TCRβ and CD4, but low 

amounts of the T cell activation markers CD44, PD1 and ICOS. Group B samples expressed 

high amounts of TCRβ and CD4 (with one exception) and little CD8β but expressed high 

amounts of T cell activation markers (Fig. 3B; Supplementary Fig. S6A). Manual analysis 

confirmed that Group A samples had significantly higher abundance of TCRβ+ CD8β+ and 

TCRβ− CD8β+ cells than Group B samples (Fig. 3A–C; Supplementary Fig. S6A). CD4 was 

also variably expressed by CD8β+ cells in some Group A samples (Fig. 3B, Supplementary 

Fig. S6A), a feature of normal immature CD4−/+ CD8+ thymocytes that proliferate 

extensively before differentiating into mature CD4+ and CD8+ T cells[47, 48]. Both CD8β+ 

subsets were proliferating in Group A samples, as indicated by their incorporation high 

amounts of IdU, a thymidine analogue (Fig. 3D). Thus, Group A lymphomas originate from 

T cell precursors, similar to human T cell lymphoblastic leukemias (also known as thymic 

lymphomas) that commonly arise during in mice and humans with mutations in the Ataxia 
telangiectasia mutated (Atm) gene or others that regulate DNA repair and DNA damage 

checkpoints (Supplementary Fig. S7A)[49].

By contrast, Group B lymphomas had significantly more mature TCRβ+ cells expressing 

CD4 but not CD8β than Group A lymphomas and WT SPL (Fig. 3A–C; Supplementary Fig. 

S6A). TCRβ+ cells in Group B also included significantly more CD4+ cells that co-

expressed CD44, ICOS or PD1 than Group A samples or WT SPL, suggesting that they 

were activated (Fig. 3E; Supplementary Fig. S7B). TCRβ+ CD4+ CD8β− cells that 

expressed PD1 and ICOS were proliferating in Group B but not Group A or WT SPL (Fig. 
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3D; Supplementary Fig. S7C). Finally, Group B samples exhibited both inter- and 

intratumoral heterogenity with respect to activation markers (Supplementary Fig. S8A). In 

WT mice, these markers are expressed by antigen-activatated CD4+ T-follicular helper 

(TFH) cells that proliferate and differentiate in lymph nodes and spleen during immune 

responses to foreign antigens. These data suggest that Group B lymphomas arise in 

peripheral lymphoid tissues from activated TFH-like CD4 T cells.

In mice and humans, normal TFH cells promote proliferation and immunoglobulin (Ig) class 

switching of activated B cells in germinal centers[50]. Group B lymphomas had more class-

switched IgD− IgMhi B cells expressing variable amounts of the GC B cell markers CD150, 

CD95 and Bcl6 than WT spleen (Supplementary Fig. 8B, C), suggesting that the TFH-like 

lymphoma cells acted cell non-autonomously to promote B cell proliferation and Ig class-

switching in Group B tumors, as is seen in cases of human TFH-like lymphoma[51].

In Group B cases where multiple tumor-infiltrated tissues were examined (n=3), both spleen 

and thymus were infiltrated with TFH-like cells and exhibited similar intratumoral 

heterogeneity (Supplementary Fig. S8D) suggesting the same tumor migrated to different 

tissues. Given that Group B tumors likely originated from peripheral CD4 T cells, it is 

possible the lymphoma cells recirculated to the thymus as is known to occur for effector/

memory T cells in normal mice.

Collectively, these data suggest that lymphomas in Pole mutant mice have distinct cells types 

and tissues of origin: T cell precursors in the thymus (Group A) or TFH-like T cells in 

peripheral lymphoid tissues (Group B).

Immune checkpoint blockade (ICB) increases proliferation in Pole mutant T cell 
lymphomas

Hypermutation is linked with positive responses to ICB in some solid tumors[52, 53] 

including RRD cancers[27, 54]. Furthermore, using immunotherapy as a preventive 

approach is currently discussed in the context of germline RRD carriers. We sought to 

determine whether prophylactic treatment with anti-PD1 and/or anti-CTLA-4 would delay 

lymphoma incidence and increase survival in Pole mutant mice. We focused this trial (and 

CyTOF analysis) on PoleS459F/S459F mice because they develop lymphoma with the shortest 

and least variable latency (Fig. 1A). We treated cohorts of 6-week old mutant mice twice 

weekly with either anti-PD1, anti-CTLA-4 or both antibodies and monitored them for tumor 

initiation and survival. Surprisingly, despite the extreme hypermutation, treatment with 

either or both checkpoint inhibitors did not significantly alter survival (Fig. 4A).

To search for a plausible explanation, we examined tumor infiltrated SPL cells from each 

treatment group using the same mass cytometry panel we used to characterize lymphoma in 

untreated mice. Heatmap visualization of T cell marker expression by cells lacking B and 

myeloid cell markers showed that the most abundant cells in 15/16 treated mice were TCRβ
+ CD8β – cells (Fig. 4B) that resembled Group B lymphomas in the untreated cohort. 

Although more TCRβ+ CD8β− lymphoma cells lacked CD4 in the treated (5/15) cohort 

versus untreated (1/7) Group B lymphomas, they all expressed high levels CD44, PD1 and 

ICOS (Fig. 4B). Thus, most lymphomas in the treated cohorts were Group B tumors. We 
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therefore asked if any of the treatments altered the abundance proliferation of activated T 

cells using untreated Group B samples as the comparison group. We observed no significant 

differences in the proportion of TCRβ+ cells or of CD4+ PD1+ and CD4+ ICOS+ cells within 

the TCRβ+ subset in Group B tumors from treated vs untreated mice (Fig. 4C top). These 

data suggest that the treatments had no impact on the abundance or phenotype of T 

lymphoma cells. However, the proportion of proliferating IdU+ T cells was significantly 

higher in mice treated with both anti-CTLA-4 and anti-PD1 (Fig. 4C bottom). This finding 

suggests that the combination ICB therapy failed because PD1 and CTLA-4 co-operatively 

restrain the proliferation of TFH-like Group B lymphoma cells that express high levels of 

PD1 and ICOS. These findings are consistent with previous reports on that PD1 has a tumor 

suppressor function in lymphoma models[55] as well as with human data from our 

consortium showing that human T cell lymphomas fail to respond to ICB.

DISCUSSION

In this report, we utilize novel mouse models to comprehensively study the penetrance and 

tumorigenic processes of POLE mutants, enabling characterization of genotype/phenotype 

differences observed among humans with germline POLE mutations. We find that mouse 

tumors driven by Pole mutations model human POLE mutant tumors genetically and have 

unique mechanisms of tumor progression, intra-tumoral heterogeneity, and response to ICB.

Although initially thought to be driven by MMRD alone, mutations in DNA polymerases are 

a major cause of RRD and hypermutation in cancer[15, 16]. Determining whether a POLE 
mutation can drive tumorigenesis is difficult since mutations must retain polymerase 

function of the protein while causing dysfunction of its proofreading ability. This large gene 

has been shown to harbor many mutations both in the germline and somatically in 

hypermutant tumors. Thus, defining true drivers is very difficult and is key for genetic 

counselling and initiation of surveillance protocols. While, initial reports on POLE driven 

mutagenesis in human cancers described a mild phenotype of adult-onset polyposis, data 

from our international consortium and case reports reveal that some mutations result in a 

more aggressive genetic syndrome (Fig. 1B). Importantly, some of the most common 

somatic mutations have not been reported to date in the germline. The aggressive cancer 

phenotype exhibited in our mouse models provides further clarity to this genotype-

phenotype observation as mutations, such as P286R and S459F, may be incompatible with 

human development.

In humans, POLE mutations are most commonly drivers in GI and endometrial cancers[12, 

16]. This is thus a limitation of studying germline PoleP286R and PoleS459F mice which 

develop mainly lymphomas. Nevertheless, these mutant mice are robust models to provide 

insight on POLE tumorigenesis as tumors recapitulate both the mutational burden and 

processes observed in POLE driven human tumors. Tumors from both species are driven 

mainly by SNVs, are evenly dispersed throughout the genome, and exhibit a similar TMB 

accumulation threshold. Moreover, both models exhibited specific mutations and mutational 

signatures consistent with POLE mutagenesis—C>A-TCT, C>T-TCG (COSMIC Signature 

10)[19]; T>G-TTT (COSMIC Signature 28)[20, 21]. These signatures were not clearly 

observed in previous Pole-mutant models, notably in genome sequencing from LSL-
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PoleP286R mouse embryonic fibroblasts and tumors[31]. This may reflect differences in 

sequencing facility pipelines or gene dosing since LSL-PoleP286R mice are hemizygous for 

Pole. Differences in gene dosing and genetic backgrounds may also explain differences in 

tumor spectra observed.

Using several algorithms, we provide further insight on the pattern and process of Pol ε 
driven tumor progression. Firstly, our data suggest obligatory continuous mutation 

accumulation and lack of clonal stability. The constructed clonal evolutionary tree (Fig. 2E) 

reveals a continuous steady accumulation of mutations. This is very different than the classic 

clonal evolution pattern where an aggressive clone is dominant and stable, such as in 

melanoma[56]. Finally, it is interesting to note that both polymerase mutant and MMRD 

tumors can gain secondary mutations to become combined RRD in humans and mice (Fig. 

2E)[18].

Human RRD hematopoietic malignancies are predominantly of T cell origin[57], but T cell 

malignancies arise from many different stages of T cell differentiation. Differences in cell of 

origin underly important differences in prognosis and outcome for many types of cancer[58]. 

In mice and humans, T cell lymphoblastic lymphomas arise in the thymus from TCRβ−/+ 

CD4−/+ CD8β+ precursors that undergo cell cycle arrest and recombine TCRA prior to 

completing maturation[47, 48]. Group A lymphomas in PoleS459F mutant mice were arrested 

during this developmental transition, which is known to be highly prone to oncogenic 

transformation from studies of mice and humans with genetic defects in other DNA damage/

repair checkpoints[59]. Indeed, both LSL-PoleP286R mutant mice[31] as well as Pold1 
proofreading deficient mice[43] also appeared to develop such lymphomas.

Outcomes for T cell lymphoblastic lymphomas are better than for mature T cell lymphomas, 

a heterogenous group of hematopoietic malignancies that develop when mutations 

accumulate during antigen-driven T cell proliferation in peripheral lymphoid tissues. This 

group includes angioimmunoblastic T cell lymphoma (AITL), a nodal T cell lymphoma that 

originates from TFH cells that harbor mutations in genes that regulate TCR signaling and 

epigenetic processes, occurs in older adults and has non-autonomous effects on B cells[51]. 

Group B lymphomas may provide a mouse model for this a rare poor prognosis type of T 

cell lymphoma. Collectively, our finding that PoleS459F mutant mice develop two distinct 

types of T cell lymphoma suggests that there are multiple stages during Pole-driven 

lymphomagenesis in which a T cell can gain advantage by hypermutation.

Furthermore, our detailed mass cytometry analyses reveal that, in contrast to most lymphoid 

malignancies, Pole driven lymphomas exhibit substantial phenotypic intratumoral 

heterogeneity (Fig. 3; Supplementary Fig. S8A, D). This phenotypic heterogeneity may be 

explained by the genomic intra-tumoral heterogeneity but also suggest that a more 

comprehensive analysis of human lymphomas which are driven by RRD is required to better 

tackle these aggressive cancers.

Treatment of PoleS459F/S459F mice prophylactically with ICB, revealed splenomegaly in all 

mice with clinical signs of lymphoma. Since our earlier analysis indicated that lymphoma 

infiltration to various organs in a single mouse was always from the same cells 
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phenotypically (Supplementary Fig. S8D) and genomically (Fig. 2C and Supplementary Fig. 

S5), we therefore focused our analysis of tumor-infiltrated spleen cells from all treatment 

groups. Upon analysis by CyTOF, we observed that 15/16 treated tumors were Group B with 

1/16 classifying as Group A (Fig. 4B). This enrichment is important since PD1 was not 

highly expressed by mouse Group A lymphomas and this can explain the survival benefit for 

Group B tumors and their lack of response to (and potentially exacerbation by) ICB. In 

hypermutant solid tumors ICB is used to counteract the PD1 immune inhibitory checkpoint 

restraints, unleashing intra-tumoral CD8 T cells to kill tumor cells that express mutationally 

generated “neoantigens”[53, 60]. However, prophylactic treatment of Pole mutant mice with 

anti-PD1 alone or in combination with anti-CTLA-4 did not improve survival or decrease 

the abundance of TFH-like CD4 cells.

While this lack of therapeutic ICB effect could reflect “immuno-editing” or other 

upregulation of other inhibitory checkpoints[52, 61, 62], it more likely reflects the unique 

biology of the Group B lymphomas, which had few CD8 T cells and consisted 

predominantly of TFH-like CD4 cells expressing high levels of PD1, ICOS and CD44. 

PD1[50, 63] and CTLA-4[64] can both restrain ICOS-induced co-stimulation of normal 

TFH cells. Thus, combined interference with the PD1 and CTLA-4 inhibitory checkpoints 

on malignant Group B T cell lymphomas may allow ICOS-mediated co-stimulation to 

promote their growth. In accordance with this idea, proliferation of the TFH-like lymphoma 

was increased by combination ICB therapy (Fig. 4D). This finding accords with a recent 

study showing that anti-CTLA-4 expands ICOS+ TH1-like CD4 T cells in murine tumor 

models[65]. Interestingly, mono- and bi-allelic deletions of PDCD1, the gene encoding PD1, 

are frequent in some human T cell lymphoma types[55], suggesting a tumor suppressor 

function in these cases. While these data may not be generalizable to human solid tumors 

driven by POLE mutations (indeed ICB has been shown to effectively treat hypermutant 

solid tumors[27, 54]), this tumor suppressor function of PD1 may explain data from our 

international consortium suggest that anti-PD1 therapy will not prevent or delay occurrences 

of T cell malignancies in RRD mutant patients. Taken together, our findings suggest that the 

use of ICB therapies warrants urgent further investigation for PD1+ T cell lymphomas or 

RRD hematological malignancies.

In summary, our mouse models provide a platform to study hypermutant lymphomas. They 

provide valuable information about specific mutations and their potential phenotype in 

humans. Establishing the kinetics and clonal evolution of RRD cancers, which cannot be 

done by studying yeast or human tumors, may be used as an Achilles’ heel for these cancers. 

Finally, this highly penetrant model of RRD tumors may be the most reliable approach for 

future robust preclinical testing of immune-based drugs on spontaneous tumors rather than 

established cell lines on immunocompromised mice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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STATEMENT OF SIGNIFICANCE

Two mouse models of polymerase exonuclease deficiency shed light on mechanisms of 

mutation accumulation and considerations for immunotherapy.
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Figure 1. Pole mutations confer variable tumorigenic capabilities in vivo and support a genotype-
phenotype correlation.
(A) Kaplan-Meier survival estimates. Mice were followed for long-term survival and 

observed daily until endpoint. Upper: PoleS459F/S459F (n= 31); PoleS459F/+ (n=33); Pole+/+ 

(n=16); Lower: PoleP286R/+ (n = 27); Pole+/+ (n=17). One month = 4.3 weeks. Significance 

are indicated using Log-rank test.

(B) Landscape of germline and somatic POLE driver mutations. Mutations designated as 

germline were collected from the IRRDC or were previously reported. Mutations designated 

as “somatic only” are not found in germline cases but were validated drivers as determined 

by our previous comprehensive characterization[15]. Residues upstream of the exonuclease 

domains (1–268) and downstream of the polymerase domain (1100 – 2286) are omitted for 

clarity.

(C) Excision rate constants measured for 7 POLE exonuclease mutants. POLE mutants are 

indicated on the x-axis. Error fitting for each curve was performed as described 

previously[37].

Galati et al. Page 22

Cancer Res. Author manuscript; available in PMC 2021 June 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. The genomic landscape of Pole mutant mouse tumors resembles that of POLE-driven 
human cancers and gives insight into mutagenesis mechanisms.
(A) Left -Violin plot showing mutation frequency from tumor whole exome sequencing 

(WES) of mouse tumors. Pole mutant mouse cancers (PoleS459F/S459F n = 10; PoleS459F/+ n 

= 8; PoleP286R/+, n = 11) were compared to MMRD mouse tumors (n=6) and replication 

repair proficient mouse-derived tumors (n =8). The red dashed line indicates 100 

mutations/Mb. Significance are indicated using Student’s T-test. Scatter plot symbols 

indicate tumor type for each group and are summarized in: Right – table summarizing tumor 
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types sequenced for each genotypic group. Brain = brain tumor; GI = gastrointestinal 

adenocarcinoma; Lung = lung adenocarcinoma; Lymph = lymphoma; SC = sarcoma; Test = 

testicular germ cell tumor.

(B) Mutation frequencies, as calculated by the number of mutations per target region 

covered, are plotted per chromosome, and reveal no evidence of localized hypermutation.

(C) Exome data from tumor fractions from a single mouse were compared. Private SNVs 

were defined as SNVs that were present only in one specific fraction. Shared SNVs were 

present in two fractions. Common SNVs were present in all fractions. The number of 

private, shared, and common SNVs are all indicated. Corresponding tumor fractions are 

indicated.

(D) Density plots of the number of single nucleotide variants (SNVs) by variant allele 

fraction (VAF) in each of the tumor fractions. SNVs unique to indicated tumor fractions and 

common to all tumor fractions were subsetted and plotted for each fraction. Red arrows 

indicate the presence of common SNVs in early and late clones for thymus vs. spleen and 

liver respectively.

(E) Constructed evolutionary tree for tumor 4802 based on three sequenced fractions. 

Length of branch is proportional to the number of SNVs. Colours correspond to private, 

shared, and common SNVs indicated in (C). Stacked bars indicate the proportion and 

presence of mutational signatures.
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Figure 3. Identification of two distinct types of T cell lymphoma in Pole mutant mice.
(A) Representative t-SNE plots of FlowSOM clusters present in wild-type (WT) SPL (top) 

compared to representative Group A (middle; 3031) and Group B (bottom; 3158) 

lymphomas. Maps were colored in the Z dimension by FlowSOM cluster number (left) or 

the indicated lineage markers.

(B) Heatmap of marker expression (columns) by CD11b− B220− cells in each sample 

(rows). Marker intensity was normalized to the transformed ratio of medians by the 

column’s minimum. Samples were manually grouped as control WT SPL (n=2), Group A 
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lymphomas with high CD8β and variable TCRβ and CD4 expression (n=9), and Group B 

lymphomas with high TCRβ and CD4 and little CD8β expression (n=7) subsets. Sample ID 

to the right indicates Pole genotype (S459F/S459F = SF/SF; S459F/+ = SF/+) and tissue: 

thymus (T), spleen (S) and lymph node (L).

(C) Scatter plots show the % of each subset (y axis), identified by manual gating, of the 

indicated subsets among live single cells: TCRβ+ CD8β− (left), TCRβ+ CD8β+ (middle) and 

TCRβ− CD8β+ (right) in WT SPL (n=5, circles) versus Group A (n=9, squares) and Group 

B (n=7, triangles) lymphomas. Means are identified with a dashed horizontal line on each 

bar and whiskers show the SD. These graphs include all the lymphoma samples shown on 

the heatmap in part B.

(D) Scatter plots show the percentage of IdU+ CD8β+ and IdU+ CD8β− cells within the 

TCRβ+ subset (left and middle) compared to the % IdU+ CD8β+ cells in the TCRβ− B220− 

CD11b− subset (right) defined as shown in Supplementary Fig. 6A. Data are shown for the 

same samples shown in part C.

(E) Scatter plots configured as described in (C) show the relative abundance of CD4+ cells 

expressing CD44, PD1 or ICOS cells among TCRβ+ cells from the groups shown in part C. 

Differences between groups were evaluated by ordinary one-way ANOVA, using a false 

discovery framework (FDR) of 5% to yield q values. Significant differences are noted by: 

***, q<0.001; **, q<0.002, *, q<0.033.
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Figure 4. Impact of prophylactic immune checkpoint blockade on Pole driven lymphomagenesis.
(A) Kaplan-Meier survival estimates from control, anti-PD1, anti-CTLA-4, and combination 

treated PoleS459F/S459F mice. Treatments were delivered intraperitoneally (IP) twice weekly 

beginning at 6 weeks of age until mice were endpoint. Tumor-free, and overall survival 

findings are identical. One month = 4.3 weeks. (p = 0.82; Log-rank test).

(B) Heatmap of marker expression (columns) by CD11b− B220− cells in each sample (rows) 

from from WT SPL or each treatment group at end-point configured as described for Figure 

3B. Data for the untreated mice (n=7) was replotted from Figure 3.
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(C) Top: Scatter plots (configured as described in Fig. 3) show the percentage of TCRβ+ 

cells among total live cells (left) and the %CD4+ PD1+ (middle) or %CD4+ ICOS+ cells 

among TCRβ+ cells in each treatment groups. There was a single Group A tumor in the 

Combo treatment group in which most proliferating cells were TCRβ− CDβ+ PD1− (not 

shown), but we chose not to exclude this sample to keep the analysis unbiased. Bottom: 

Scatter plots show relative the %IdU+ cells in the TCRβ+ subset from each treatment group. 

Anti-CTLA-4 (n=4), anti-PD1 (n-5), Combo (n=7). Significant differences in abundances 

were tested and displayed as in Fig. 3 except that each treatment group was compared only 

to the untreated group.
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