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[bookmark: _Toc33995600]Abbreviations 
BER: Base excision repair
BFP: Blue fluorescent protein
CLP: Common lymphoid progenitor
CMP: Common myeloid progenitor
DDR: DNA damage repair
DDT: DNA damage tolerance
DNA: Deoxyribonucleic acid 
DSBs: Double strand breaks
ERT2: Estrogen Receptor T2
FR: Fork reversal 
GEMs: Genetically engineered mouse models 
GFP: Green fluorescent protein
GMP: Granulocyte-macrophage progenitor
HGB: hemaglobin
HR: Homologous recombination
HSCs: Hematopoietic stem cells
K164: Lysine 164
LT-HSC: long term HSC
MEP: Megakaryocyte -erythroid progenitors
MMR: Mismatch repair
MPP2-4: Multipotent progenitor 2-4
NER: Nucleotide excision repair
NHEJ: Non-homologous end joining
PCNA-mUb: monoubiquitin PCNA 
PCNA: Proliferative cell nuclear antigen
PIP: Interacting peptide 
Pol δ: Polymerase delta 
Pol ε: Polymerase Epsilon
RBC: Red blood cells 
RFP: Red fluorescent protein
ROS: Reactive oxygen species
RPA: Replicative protein A
S-phase: synthesis phase 
ssDNA: Single stranded DNADNA
ST-HSC: short term HSC
T-T: Thymine-Thymine
TLS: Translesion Synthesis
TS: Template switching
UV: Ultraviolet
XP-V: Xeroderma pigmentosum variant 
YFP: Yellow fluorescent protein


[bookmark: _Toc33995601]Abstract 
It is estimated that over 30,000 lesions in the DNA are generated per cell per day. In S-phase, lesions in the DNA can stall replication, which can lead to secondary lesions such as DNA double- strand breaks. The DNA damage tolerance (DDT) network enables replication to be continued in the presence of replication-blocking DNA lesions and thereby prevents the formation of secondary lesions. DDT is activated by site-specific ubiquitination at the lysine residue 164 of PCNA, a homotrimeric DNA clamp. Alternatively, the damage tolerant translesion synthesis (TLS) polymerase Rev1. Prior work from our lab revealed that in unperturbed conditions, DDT deficiency causes severe hematopoietic stem cell (HSC) depletion, resulting in a severe embryonic lethal anemia (unpublished work). At present the relevance of DDT network in maintaining of HSCs as well as other tissue stem cells in adult mice is not known. Here, we make use of three unique mouse models carrying a Cre-deleteable wild-type allele Pcnafl/fl, a non-modifiable PcnaK164R knock-in allele, and a Rev1Ko allele. Combining these alleles, enabled us to study the impact of genetically defined, inducible DDT defects on maintaining HSCs and the overall tissue homeostasis in adult mice. We show that in adult mice, severe DDT-deficiency results in complete loss of the hematopoietic stem cell compartment, lethal anemia, and widespread systemic tissue damage. Additionally, we observed tumor development in DDT-deficient mice, suggesting that the DDT system functions to prevent tumor development. Our findings establish the necessity of the DDT network for hematopoietic stem cell maintenance, tissue homeostasis, prevention of tumor development, and mammalian life.


[bookmark: _Toc33995602]introduction 
Cells are under constants exposure to endogenous and exogenous sources of DNA damaging agents (see Box 1). Improper repair of such DNA damage can lead to genomic instability, premature ageing and tumor development[1–3]. Also, ageing and genomic instability can lead to reduced hemopoietic stem cells (HSCs) potential [4]. The majority of DNA damage in mammalian cells is repaired during the Gap1-phase of the cell cycle by the DNA damage repair (DDR) network, which is essential for the maintenance of genomic integrity and cell survival [1,5]. However, during Synthesis-phase (S-phase), the DNA strands are actively separated to enable semi-conservative DNA replication. The immediate consequence of this strand separation, DNA lesions that persisted into the S-phase cannot be repaired conventionally by excision-based repair modes such as base excision repair (BER) and nucleotide excision repair (NER), as the immediate access to the intact template is lacking. To continue replication in the presence of stalling lesions or structures, warrant the stability of the replication fork, and prohibit more severe secondary DNA lesions such as a DNA double strand breaks (DBSs) as a result of a replication fork collapse , the DNA damage tolerance (DDT) system allows DNA replication to continue in the presence of such impediments [1,5–8]. The overall relevance and contribution of the DDT system within the DDR network in maintaining mammalian tissue homeostasis has not been defined. Our previous study indicated a critical role of DDT in maintaining embryonal HSCs and tissue homeostasis. In the developing mouse embryo, the failure to tolerate DNA lesions causes severe DNA damage in the embryonic HSC compartment, HSC depletion, cumulating in a severe lethal embryonic anemia (unpublished work). Using conditional genetically engineered mouse models (GEMs) we here defined the role of DDT in maintaining adult HSCs, hematopoiesis as well as overall tissue homeostasis. Box 1
For each class of lesion there are specific DDR pathways that warrant error-free repair, thereby preserving the genetic information of the genome (fig.1). Subtle base modification, such as oxidation and hydrolysis caused by reactive oxygen species (ROS) and ultraviolet (UV), are removed by Base excision repair (BER). Nucleotide excision repair (NER) restores bulky / helix-distorting lesions caused by UV and carcinogens, and Mismatch repair (MMR) restores replication errors, which occur when replicate high-fidelity Polymerase delta (Pol δ) or Pol epsilon (Pol ε) occasionally insert a non-Watson-crick base pair in the newly synthesized stand. Homologous recombination (HR) and non-homologous end joining (NHEJ) can repair DNA double strand breaks (DSBs) [1,5] 
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Figure 1.Types of DNA damage repair pathway, that usually warrant error-free repair for each class of lesion. Figure adapted from [1]
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Pluripotent hematopoietic stem cells give rise to all blood cells, and are therefore required for the proper production of blood [9]. HSCs have the capacity to self-renew, which allows for maintenance of the HSC pool during life [9, 10].  HSCs divide under unperturbed conditions, which make them vulnerable to DNA damage during replication. In addition, studies have shown improper repair of DNA damage in HSCs can lead to the loss of their capacity to self-renew, and moreover can lead to depletion of the HSC population[6,11].
HSCs consist of Long term HSCs, which self-renew, and Short term HSCs (LT-HSC and ST-HSC), which can differentiate into multipotent progenitor 2-4 (MPP2, MPP3 and MPP4), common lymphoid and myeloid progenitors (CLP and CMP), and megakaryocyte -erythroid progenitors (MEP) and granulocyte-macrophage progenitors (GMP)[12,13].  See Fig.2 Figure 2. Hematopoietic hierarchy model. Long-term hematopoietic stem cells give rise to short term hematopoietic stem cells, which in turn give rise to the multipotent progenitor cells. These give rise to the Common Myeloid progenitor cells, which produce among other erythrocytes and platelets, and the Common Lymphoid progenitor cells, which produce various immune cells.

Figure 2. Hematopoietic hierarchy model. Long-term hematopoietic stem cells give rise to short term hematopoietic stem cells, which in turn give rise to the multipotent progenitor cells. These give rise to the Common Myeloid progenitor cells, which produce among other erythrocytes and platelets, and the Common Lymphoid progenitor cells, which produce various immune cells.




As mentioned, lesions in the DNA can act as replication impediments during S-phase. To prevent replication fork stalling and the formation of secondary lesions, cells employ DDT system, which allow replication to continue in the presence of replicative stalling lesions [1,5–8].
The DDT network comprises four distinct pathways (see Fig.3): in one mode, termed translesion synthesis (TLS), specialized TLS polymerases are used to bypass the lesion by inserting a nucleotide opposite the lesion. TLS polymerases feature larger active sites to accommodate damaged nucleotides. Moreover, unlike high-fidelity replicative polymerases, TLS polymerases lack the 3’-5’ exonuclease activity required for proofreading. These features make TLS polymerases highly error-prone[1, 5, 6]. TLS polymerases belong to the Y-family of polymerases and are comprised of Pol eta, Pol iota, Pol kappa, and Rev1 [14]. These polymerases differ in the lesions that they recognize, and the bases which they incorporate opposite a lesion [14–16]. The second mode of DDT is fork reversal (FR), which is believed to be error-free. During FR, the nascent DNA strands of the replicating fork are reversed into a four-way junction (also termed ‘chicken foot’). The third mode of DDT is termed template switch (TS), here the newly synthesized sister chromatid is used as a template [1,5]. The fourth mode of DDT is termed, repriming, and it allows fork restart directly behind the lesion by newly discovered primase-polymerase Primpol [17].

Figure 3. Four modes of DNA damage Tolerance. During TLS specialized TLS polymerases does an error-prone bypass, by inserting non-Watson-crick base opposite the lesion, FR remodels replication fork into a chicken foot structure. TS makes use of the sister chromatid to synthesis an error-free tolerance(green) of the lesion. Repriming, allows fork restart directly behind the lesion by a newly discovered primase-polymerase PrimPol.  
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In the presence of a replication blocking lesion (see Fig.4), exposed single stranded DNA (ssDNA) is rapidly coated by Replication Protein A (RPA)[18]. RPA recruits the E2/E3 ubiquitin ligase conjugase Rad6b/Rad18. Rad6b/Rad18 subsequently mono-ubiquitinate the sliding clamp PCNA on lysine residue 164 (K164) [19]. Mono-ubiquitination of Pcna (Pcna mUb) increases the affinity of the TLS polymerases for PCNA. TLS polymerases can displace the high-fidelity DNA Polymerase delta (Pol δ) or Polymerase Epsilon (Pol ε) and replicate over the lesion [20, 21]. Poly-ubiquitination of PCNA on K164 by ZRANB3 and HLTF are believed to regulate FR and TS respectively, although the relevance of these pathways is still unclear in higher eukaryotes [22,23]. In addition to Pcna-mUb, TLS polymerase Rev1 can recruit other TLS polymerases independently with its C-terminal domain [24]. 
Modes of DDT are found in all domains of life, indicating that DDT is required for the wellbeing of the organism. The importance of DDT for the maintenance of genomic integrity in the presence of exogenous DNA damaging agents has become well established [10,25]. Moreover, prior work from our lab has revealed that combined inactivation of Pcna ubiquitination and genetic deletion of Rev1 in mice resulted in a severe depletion of HSC compartment associated with severe, embryonic lethal anemia (H. Jacobs laboratory, unpublished work). Figure 4.TLS regulation. TLS can be regulated by either monoubiquitylation of PCNAK164 or via the not catalytic site, c-terminal domain site of Rev1. Mono-ubiquitination of PcnaK164 is facilitated by Rad6/Rad18 enzyme 2/3 conjugase, which is recruited by long stretches of ssDNA coated with replicative protein A (RPA), upon stalling of the replicative fork. Pcna -mub facilitates the polymerase switch from a high-fidelity replicative Pol δ or Pol ε to one of the TLS specialized polymerases. However, Rev1 can recruit TLS polymerase independently from Pcna -mub, via its catalytic site.
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[bookmark: _Toc33995603]objective and hypothesis
Ubiquitination of PCNA and TLS polymerase Rev1 are the main regulators of DDT network. The aim of this study is to determine physiological relevance of both pathways of DNA damage tolerance in adult stem cell maintenance and tissue homeostasis. The embryonic lethal phenotype precluded further studies into the relevance of DDT for adult stem cell maintenance, and maintenance of tissue homeostasis of other organs. In this study, we make use of adult mice with inducible defects of the DDT pathway to examine; how specific genetically defined DDT defects affect adult’s hematopoiesis, hematopoietic stem cell maintenance and tissue homeostasis. Given previous findings in single mutant PcnaK164R/K164R and Rev1-/- mice indicated already some contribution of DDT to HSC fitness [10,25,26]. By preventing both PCNA-ubiquitination dependent DDT as well as Rev1 dependent DDT we here define the overall contribution of the DDT system in maintaining HSCs, warranting normal hematopoiesis, and tissue homeostasis.

[bookmark: _Toc33995604]project setup
[bookmark: _Toc33995605]the inducible system 
To study the effect of inactivating mutations in the DDT system on tissue homeostasis and stem cells maintenance in adult mice, we make use of Cre-mediated tamoxifen inducible GEMs. Here we took advantage of RCM2 mouse model, where the estrogen receptor 2 has been fused to the Cre-recombinase and is under the transcriptional control of the Rosa2 locus (hence, RCM2 model). Upon administration with tamoxifen, the fusion-protein dimerizes and is actively transported into the nucleus, where the Cre-recombinase mediates recombination of the two LoxP sites. Given that the CreERT2 is under control of the Rosa2 promotor, it is ubiquitously expressed [27–30]. By various crosses of the RCM2 mice with our previously generated PCNAK164fl/K164R mice [31], and newly established Rev1-/- mouse model, we generated mouse models where administration of tamoxifen results in ubiquitous deletion of the floxed wildtype-Pcna allele. These mice additionally do or do not contain the Rev1 deletion (see Fig. 5). Currently, it is not possible to analyze recombination efficiency of the floxed Pcna allele. To detect Cre-mediated deletions, we made use of a version of the Rosa2 construct that also contains the confetti reporter construct [30,32,33], which contains genes that encode for green, yellow, red and blue fluorescent proteins (GFP, YFP,  RFP, and CFP), which are only expressed when the Cre-recombinase is active. Due to LoxP sites between the different fluorescent genes, only one gene is expressed at a time, and the specific gene that is expressed depends on random recombination by the CreERT2 (see Fig. 5).
[bookmark: _Toc33995606]experimental setup
Cre recombinase efficiency: Mice will be fed with tamoxifen-containing food to activate Cre recombinase. Following with the weekly blood isolation, we will measure the fluorescent positive cells in the blood with flow cytometry to examine how efficiently Pcna floxed allele is deleted in our GEMs. As negative control, blood will be isolated before tamoxifen-containing food. Cre activation is expected to delete the Pcna floxed allele and turn deleted cells fluorescent for CFP, RFP, GFP or YFP (also termed confetti positive, or Conf+).
Examination of stem cell maintenance and the hematopoietic progenitors’ compartment: To determine the effect of Pcna floxed allele deletion on stem cell maintenance and the hematopoietic progenitor compartments, the bone marrow will be isolated after five weeks of tamoxifen-containing food, to quantify long/short term HSC (LT-HSC/ST-HSC), multipotent progenitor 2-4 (MPP2, MPP3 AND MPP4), common lymphoid/myeloid progenitor (CLP /CMP), megakaryocyte -erythroid progenitors (MEP) and granulocyte-macrophage progenitors (GMP)  with high and through flowcytometry by detecting the unique cluster of differentiation  (CD)makers presents on these cells surface. 
Analysis of whole blood: To determine anemia, we will measure the number of red blood cells (RBC) and hemoglobin (HGB) in the blood. Figure 5.Various GEMs crossed with the RCM2 mice to study DDT deficiency in vivo. Upon an administration of tamoxifen, both the floxed PcnaK164fl allele and the noemycin roadblock will be deleted by Cre-recombinase. Cre-ERT2 is activated by tamoxifen, which excise the noemycin gene, and the remaining GFP,YFP, RFP AND CFP may be expressed in various combinations.

Figure 5.Various GEMs crossed with the RCM2 mice to study DDT deficiency in vivo. Upon an administration of tamoxifen, both the floxed PcnaK164fl allele and the noemycin roadblock will be deleted by Cre-recombinase. Cre-ERT2 is activated by tamoxifen, which excise the noemycin gene, and the remaining GFP,YFP, RFP AND CFP may be expressed in various combinations.
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Figure 6. Overview of the experiment setup

[bookmark: _Toc33995607]materials and method
Mice: Making of genetic defined inducible model. Mice carrying loxP sites flanked with PcnaK164(floxed allele) and Rev1+/-were made in a C57BL/6 background by Dr. Ivo Huijbers and Dr. Colin Pritchard of the transgenic animal facility of the NKI.  Pcna K164R/K164R have been described elsewhere[25]. RCM2 mice containing CreERT2 fusion gene into the Rosa26 on chromosome 6, which are carrying a confetti constructs have been previously described[27]. To determine Cre recombinase efficiency we bred RCM2 mice containing the confetti construct. Mice were crossed to have these genotypes: RCM2 wt/cre; Pcna K164 flox/k164 as wildtype, RCM2 wt/cre; Pcna K164flox/K164R as K164R mutant, RCM2 wt/cre; Pcna K164 flox/K164; Rev1-/-as Rev1ko, and RCM2 wt/cre; Pcna K164flox/K164R; Rev1-/- as double mutant (DM). Mice were housed in SPF (specific pathogen free) facilities in double ventilated cages from Janvier.
For experiments, two adult mice at the age of 2-month-old were taken per group. Mice were fed tamoxifen diet (400mg/kg tamoxifen citrate) from ENVIGO lot:TD.130859 made in North America. Every week, mice were weighed, and blood was collected via a tail-vein puncture to examine confetti expression. When the Pcna K164flox/K164R; Rev1-/- mice became ill at week five (as indicated by animal welfare guidelines), we sacrificed the mice an isolated the bone marrow and other tissue organs for the hematopoietic stem cells progenitors’ quantifications and pathological analysis. 
All GEMs were established and maintained by the animal facility of the NKI. All animal experiments were approved by national and European guidelines on animal experimentation. Animal experiments were additionally examined and approved by an internal committee on animal experiments (DEC, dier experimentele commissie, and IVD, instantie van dierwelzijn). 
[bookmark: _Toc33995608]polymerase chain reaction (PCr)
The genotypes of newborn pubs from the crossed mice were determined by performing PCRs on toes provided by the animal facility. DNA was isolated from the toes by adding lysis buffer (1M TRISHCL ph:8,0.5M EDTA,10% SDS and 5M NaCl) made in house, with protease K from Sigma lot: P8044-1G and placed O/N at 55ºC. After lysis, Protease K was inactivated by heating at 85ºC for five minutes.  On this DNA, PCRs were performed to determine the genotype in a PCR mixture containing: MyTaq buffer 5x (dNTPs, MgCl2) and MyTaq DNA polymerase were purchased from Bioline, Lot: MTB-819201A & MT-819104A, Rosa26 forward primer, Cre reverse primer and PCR water. See Table S1-2 for PCR mixes, primer sequences, and PCR protocol. A PCR product were mixed with 5x loading dye, and run on a 2% agarose gel (Multi-purpose agarose from Roche, lot: 36495200) with 0,5x TAE buffer(TAE buffer 50x from BIO-RAD, lot: 1640773) at 100-120V,2Amp  until the loading dye had run to the bottom of the gel.
[bookmark: _Toc33995609]flow cytometry
Confetti expression in blood
To determine the frequency of cells expressing the fluorescent protein (confetti) in the blood. Blood was isolated once week after tamoxifen-containing food into an EDTA tube. Between 1-10µl of this blood was used to quantify levels of erythrocytes (red blood cells) and hemoglobin, using a DxH 500 Hematology analyzer (Beckman Coulter). Afterwards, erythrocytes were depleted in the remainder of the blood using erylysis buffer for 15min on ice. Cells were stained with the following antibodies: CD3-APC, CD19-APC- H7, and CD11b-PercpCyp5.5 for 30 min on ice. Cells were washed twice with PBEA buffer (1x PBS 0.5% BSA, 2 mM EDTA, and 0,02% sodium azide). All antibodies were diluted 1:200. Confetti positive cells were measured on a BD LSR symphony cell analyzer (BD Biosciences) and analyzed using FlowJo software (Version: 10.0.8r1). This procedure was repeated with blood drawn from a heart puncture at the end of the experiment. 
Hematopoietic precursor subset analysis
To determine the effect of Pcna floxed allele deletion on stem cell maintenance and the hematopoietic progenitor compartments, we quantified the following subsets of the hematopoietic lineage: long/short term HSC (LT-HSC/ST-HSC), multipotent progenitor 2-4 (MPP2, MPP3 and MPP4), common lymphoid/myeloid progenitor (CLP/CMP), megakaryocyte -erythroid progenitors (MEP) and granulocyte-macrophage progenitors (GMP). 

After five weeks on tamoxifen-containing food, Pcna K164flox/K164R; Rev1-/- mice became ill, and all mice were sacrificed. The femora were isolated. The bone marrow was flushed from the femora using a 21-gauge syringe with cold PBEA buffer. The samples were kept on ice. 5 × 106 cells were used per staining. BM cells were first stained with a biotinylated lineage+ antibody mix for 30 min and then washed twice in PBEA buffer. For quantifying stem cells and MPP populations, cKit (CD117) BUV 395, Sca-1-PerCp/Cy5.5, CD48- BUV 785, CD135- APC, CD150- BV650, streptavidin-APC/Cy7 and Zombi-NIR were used. For quantifying LKS− progenitor populations, cKit (CD117) BUV 395, CD34- PECy7, CD16/32- BV 785, streptavidin- APC/Cy7, Sca-1(Ly6a/e) BV711 and Zombi-NIR were used. Cells were washed twice with PBEA and then resuspended in 400 μL of PBEA.  Antibody specification, dilution and suppliers can be found in Table S3
All measurements were performed with a BD LSRFortessa cell analyzer (BD Biosciences). Analyses were performed using FlowJo version 10.0.8r1. 


[bookmark: _Toc33995610]results 
To study the relevance of combined Pcna-mUb and Rev1-/- for adult HSC and tissue homeostasis in adult mice, we made use of various mouse models where an administration of tamoxifen resulted in deletion of a Pcna K164flox/K164R allele, leaving mice with a PcnaK164fl; orK164R allele (see Fig.5). To analyze recombination efficiency after treatment with tamoxifen, we made use of a confetti reporter system. This construct consists of multiple genes to determine activation and rearrangement potential of encoding for Green, Yellow, Red and Blue Fluorescent Protein (GFP, YFP, RFP, and, CFP) flanked by LoxP sites, and upstream of a neomycin ‘roadblock’. Upon administration of tamoxifen, Cre-ERT2, the neomycin gene is excised, and the remaining GFP, RFP, CFP, and YFP may be expressed in various combinations. 
Confetti expression increased in all genotype upon the start of the experiment, reaching ≈80% after four weeks. The percentage of confetti positive lymphocytes: T cells, B cells, and myeloid in the blood increased over the weeks in all genotypes: PcnaK164 (blue), Rev1-/-(red), PcnaK164R (green) and PcnaK164R/Rev1-/-(purple). (see Fig.7a). As negative control blood isolated before tamoxifen treatment, had zero confetti positive cells see Fig.7b week 0. We observed substantial weight loss of the mice of all genotypes upon the start of the experiment, probably due to aversion of the mice for the diet (personal communication, and previously failed experiments) 
[image: ]
[bookmark: _Toc30974826]Figure 7. A) Measurement of confetti positive T-cells, B-cells, and Myeloid cells in the blood of mice that had been put on tamoxifen-containing diets. B) weight loss of mice upon tamoxifen diet. Values are presented as means of SD, N = 2


[bookmark: _Toc33995611]DDT deficiency in Hematopoietic stem cells maintenance 
To determine the effect of PCNA K164 allele deletion in HSCs and their progenitors, to mice for each genotype were scarified five weeks after tamoxifen food when the mice showed weight loss and become ill. The tibia and femur from the PcnaK164Rx Rev1-/- mice was pale compared that of the other genotypes (observed during the isolation of the organs), suggesting a strong reduction of blood cells. In depth analysis of the hematopoietic compartment (see gating strategy Fig.S10-S11), revealed decreased lineage, Sca1, cKit negative (LKS) progenitor in PcnaK164Rx Rev1-/- mice. 
Further analyses in the LKS compartment, which contains the common myeloid progenitors (CMP), megakaryocyte – erythroid progenitors (MEP), and granulocyte-macrophage progenitors (GMP), revealed highly diminished MEP subsets among all genotypes compared to untreated mice (prior experiments, data not shown). Additionally, the GMP subset was decreased in Pcna K164Rx Rev1-/- mice compared to mice of other genotypes. Meanwhile, the CMP subset was only increased in the Rev1-/- and Pcna K164Rx Rev1-/- compared to the PcnaK164 and PcnaK164R mice (see Fig. 8a). 
Further analysis in the lineage, Sca1, cKit positive (LSK) compartment revealed increased percentage hematopoietic stem cells (HSC) progenitors in PcnaK164R but reduced in Rev1-/- and Pcna K164Rx Rev1-/- mice compared to the PcnaK164 mice. The multipotent progenitor 3 (MPP 3) compartment was reduced in PcnaK164R but, increased in Rev1-/- and Pcna K164Rx Rev1-/- mice compared to the PcnaK164 mice. The MPP4 compartment was increased both in PcnaK164R and Rev1-/- mice but reduced in PcnaK164RRev1-/- mice compared to Pcnak164 (see Fig.8). However, the percentage of confetti positive cells in the LSK compartment was lower than LKS  compartment in all genotypes. (see Fig. 8b) This could be the reason for lower percentage of LKS confetti positive cells and the diminishing of the MEP subset among all genotypes. 

As this was a pilot-experiment, whereby the group size was N=2, statistical analysis requires extension of these experiments to increase the group size

[bookmark: _Toc30974827][bookmark: _Toc33995612]Anemia 
Administration of tamoxifen resulted in reduced MEP compartment among all genotype. Prior work from our lab has shown that Pcna K164Rx Rev1-/- embryos featured severe anemia. Therefore, we performed analyses on whole blood at the end of the experiment to analyze the levels of hemoglobin and red blood cells. We observed and increased of RBC and HGB in both Rev1-/- and Pcna K164R but highly decreased RBC and HGB in Pcna K164Rx Rev1-/- compared to the Pcna K164 (see Fig. 9). Suggesting that the Pcna K164Rx Rev1-/- may be suffering from anemia.

[image: ]
Figure 8.PCNA floxed allele deletion leads to hematopoietic stem cell defect. A) Percentages of cells in the bone marrow of mice after five weeks of tamoxifen food of the LKS- compartment, and MEP, CMP and GMPs (left), and percentage of cells of the LSK compartment, HSCs, and MPP3 and MPP4 (right). B) percentage of confetti positive cells of the LSK and LKS- compartment in the bone marrow of mice after five weeks of the tamoxifen diet. Values are presented as mean of SD, N = 2 except WT, n=1 PcnaK164 (blue), Rev1-/-(red), PcnaK164R (green) and PcnaK164R/Rev1-/-(purple)
[image: ]
Figure 9. PcnaK164R/Rev1-/- mice experiences severe anemia. Levels of red blood cells (left) and haemoglobin (right) in the blood of the mice five weeks after being put on a tamoxifen diet. Values are presented as mean of SD, N=2, except WT, N=1
[bookmark: _Toc33995613]disscussion 
Ubiquitination of PCNA and TLS polymerase Rev1 are the main regulators of DDT network. The aim of this study was to determine physiological relevance of both pathways of DNA damage tolerance in adult stem cell maintenance and tissue homeostasis.  
Here, we show that inactivation of both of these pathways leads to lethal anemia, depletion of hematopoietic stem cells.
Inactivation of the PCNA-ubiquitination-dependent DDT was performed using Cre-recombinase-mediated excision of a floxed Pcna K164 allele, leaving a Pcna K164R allele in the 
Pcna K164 and Pcna K164Rx Rev1-/- mice. At the moment, it is technically not possible to distinguish between Pcna K164 cells and Pcna K164R cells. Therefore, we crossed mice with Confetti mice, so that all cells contained a confetti construct, and would become fluorescently labeled upon activation of Cre. We observed an increase in the percentage of Confetti positive T-cells, B-cells, and myeloid cells in the blood over time when the mice were fed the tamoxifen diet. As the floxed neomycin transcription block in front of the fluorescent-protein encoding genes is much larger than the floxed region of Pcna, we expect that the floxed region of Pcna has been excised in all confetti-positive cells. We observed a higher percentage of confetti positive cells in all Rev1-/-, Pcna K164R, and Pcna K164Rx Rev1-/- mice compared to the wildtype (Pcna K164). However, the observed decreased percentage of confetti positive cells in the Pcna K164Rx Rev1-/- mice was likely due to decreased food intake of the mice as they lost more weight in the first week than the littermates. It has been well established that mice lose weight when put on a tamoxifen diet; our first experiments with a very high dose of tamoxifen had to be terminated as the mice did not eat any of the food at all.  
To determine the effect of PCNA allele deletion in stem cell maintenances in adult mice, we analyzed the hematopoietic compartment of the bone marrow of all the mice when the double mutant mice become ill (as determined by animal welfare guidelines; as observed like squinted eyes, hunchback, ruffled fur, reduced social activity, pale ears and tail). We observed decreased LKS , MEP, GMP and CMP subsets in the double mutant compared to the wildtype, Rev1-/- and K164R (single mutant). This indicates that the HSCs and proper Hematopoietic lineage maintenance depends of both pathways of DDT. 
In contrast, hematopoietic stem cell in the LSK subset, was decreased in the Pcna K164Rx Rev1-/- and Rev1-/- mice. Interestingly, the decrease percentage of LKS MEP, GMP, CMP, HSC and MPP4 in the Pcna K164Rx Rev1-/- mice correspond to the finding of Pcna K164R/K164R mice in the Pilzecker.B. et.al studies. Here, it was shown that, the bone marrow of PCNA K164R/K164R mice contained lower numbers of LSK, LT-HSC, ST- HSC, MPP4, LSK, CMP, GMP, MEP, and CLPs compared to the wildtype [10]. To this end, we did not observe this in our model.
The low LKS  percentage in Pcna K164R, Rev1-/- and Pcna K164Rx Rev1-/- may be due to the PcnaK164 allele deletion, we observed higher percentage confetti positive LKS subset among all genotypes compared to the LSK. Indicating the sensitivity of LKS subset cells for PCNA deletion.
The blood analyses indicated that, the Pcna K164Rx Rev1-/- mice featured anemic status. Showing strongly reduced levels of red blood cells and hemoglobin compared to the wildtype, which is associated with highly diminished MEP compartment. The MEP compartment give rise to erythrocyte and platelets thus, diminished MEP can lead to lower red blood cells. This finding also corresponds with previous experiment, where unborn double mutant embryos showed severe anemia (H. Jacobs laboratory, unpublished data). All progenitors and HSCs are either reduced or diminished, the mice eventually develop anemia. 

Although, the confetti expression increased with the simultaneous loss of weight, this could be, due to a systemic effect of tamoxifen, deletion of PcnaK164 as suggested by confetti expression or this is merely the effect of less food intake, the latter case can be explained by the fact that the wildtype mice also loss the weight, indicating less food intake. Tamoxifen is used in treating breast cancer patient with high positive estrogen receptors and most side effect found were postmenopausal symptoms and night sweating [34]. Less food intake, may be because of the taste or smell of the food, which can be resolved with a different way of tamoxifen induction such as oral administration or intraperitoneal (i.p) injection, which is more controlled because the concentration of tamoxifen is the same between the mice compared to the tamoxifen food. For the activation CreERT2, both oral and i.p application of tamoxifen is proven to be efficient in brain and muscle tissue [34], [35]. The other reason for lack of eating may be the effect of PCNA allele deletion, which can somehow be making the cells sensitive due to accumulating of DNA damage; PCNA regulate DNA synthesis and DDT system in the S-phase, thus, the loss of one allele reduce the DDT activity when encountered DNA damage. For the double mutant it could be that combination of PCNA allele deletion and Rev1 knock out is synthetic lethal, the effect of the loss of two genes resulting in cell death or apoptosis [36]. 

For future studies, PCNA floxed allele deletion and DNA damage accumulation could be validated from sorted positive and negative confetti cells. By performing a real time quantitative PCR analysis, deletion of the floxed PCNA allele could be confirm. Moreover, we could examine levels of phosphorylated H2AX (yH2AX) on a westerns blot to validate the hypothesis that there are higher levels of DNA damage in confetti positive cells. yH2AX is to be a sensitive marker for DNA damage [37], [38].
Hematopoietic stem cell phenotyping in the bone marrow needs future staining optimization. Histopathological analysis on other tissues could be performed to determine tissue homeostasis. Additionally, we could assess the sensitivity assay of HSCs for various DNA damaging agents to determine whether DDT-deficiency results in apoptosis.
We could perform an extra immunohistochemistry such as blood smear and staining with Wright-Giemsa to determine size, form and amount of hemopoietic blood cells. 
Overall there should be more positive and negative control mice such as RCM2 and Rosa26conf, with or without tamoxifen. 

In conclusion, our data highlight the importance of the DDT network for maintenance of the HSC lineage, and indicates that DDT-dependent bypass of DNA lesions is of critical importance for cellular survival during unperturbed conditions. 
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Table 1. PCR program and primers sequences used for mice genotyping
Table 2. Pre PCR-mixture made in bulk and stored at -200C
	Buffers 
	

	My taq buffer 5x
	2ml

	r26-FWD            10 mmol    
	1       ml

	Cre-REV            10 mmol    
	1       ml

	Taq                              
	0.2    ml

	Distilled water                            
	13     ml



Table 3. Antibody used in this study 
	Antigen conjugate 
	Supplier 
	Dilution 

	lineage cell detection mixture - Biotin mouse 
	Southern Biotech, H0117-X1875
	1:200

	Strepadvin-APC.Cy7
	
	

	CD117 (cKit) BUV 395
	BD HorizonTM,9129553
	1:200

	SCA1(Ly6a/e) BV711
	BD Biosciences, 8130567
	1:200

	CD135 APC 9
	BD Pharmingen,7268924
	1:200

	CD150 BV650 
	Biolegend, B242899
	1:200

	CD34 PECy7 
	Biolegend, B277974
	1:200

	CD48 BUV 785 
	BD Horizon TM, 8212982
	1:200

	CD16/32 BV 785 
	BD Biosciences, 8363548
	1:200

	Zombi-NIR 
	Biolegend, B279801
	1:200

	CD3-APC 
	BD Pharmingen TM, 9065910
	1:200

	CD19 APC- H7 
	BD Pharmingen,3277785
	1:200

	CD11b-PercpCyp5.5
	BD Pharmingen, 7250957
	1:200
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Figure 10. Gating of hematopoietic precursors in WT, Rev1-/-, K164R and DM mice


Figure 11. Gating strategy of hematopoietic precursors in the bone marrow to obtain results shown in figure 8.
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Table 2 PCR program anf primers sequences used for mice genotyping

Allele Step Temp °C Time Note > Primertype  Primers sequence 5’ —>» 3’
RosaZ6 T 9 5mn Fowardr26  TGT GGA CAG AGG AGC CAT AAC
CreER™ 2 94 30sec pepeatsteps2-4  Reverse Cre CAT CACTCG TTG CAT CGA CC

3 58 30 sec
4 72 sosec for29cycles RCM bacward  AAG ACC CAA CCA ACA GCA
5 72 5min
PCNA 1 95 3 min
2 75 5min
3 72 1:30 min
4 94 30sec  Repeat steps 4-6
5 61 455ec for 39 cycles
6 72 45 sec
7 72 5 min
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