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Abstract
The Fanconi anemia (FA) repair pathway governs repair of highly genotoxic DNA interstrand crosslinks (ICLs) and relies on translesion 
synthesis (TLS). TLS is facilitated by REV1 or site-specific monoubiquitination of proliferating cell nuclear antigen (PCNA) (PCNA-Ub) at 
lysine 164 (K164). A PcnaK164R/K164R but not Rev1−/− mutation renders mammals hypersensitive to ICLs. Besides the FA pathway, alternative 
pathways have been associated with ICL repair (1, 2), though the decision making between those remains elusive. To study the 
dependence and relevance of PCNA-Ub in FA repair, we intercrossed PcnaK164R/+; Fancg−/+ mice. A combined mutation (PcnaK164R/K164R; 
Fancg−/−) was found embryonically lethal. RNA-seq of primary double-mutant (DM) mouse embryonic fibroblasts (MEFs) revealed 
elevated levels of replication stress-induced checkpoints. To exclude stress-induced confounders, we utilized a Trp53 knock-down to 
obtain a model to study ICL repair in depth. Regarding ICL-induced cell toxicity, cell cycle arrest, and replication fork progression, 
single-mutant and DM MEFs were found equally sensitive, establishing PCNA-Ub to be critical for FA-ICL repair. Immunoprecipitation 
and spectrometry-based analysis revealed an unknown role of PCNA-Ub in excluding mismatch recognition complex MSH2/MSH6 
from being recruited to ICLs. In conclusion, our results uncovered a dual function of PCNA-Ub in ICL repair, i.e. exclude MSH2/MSH6 
recruitment to channel the ICL toward canonical FA repair, in addition to its established role in coordinating TLS opposite the 
unhooked ICL.
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Significance Statement

This study presents, for the first time, a comparative analysis of Fanconi anemia (FA) repair and DNA damage tolerance 
(DDT)-deficient models. Proliferating cell nuclear antigen (PCNA) monoubiquitination at lysine 164 (PCNA-Ub), which is at the heart 
of DDT, is essential for FA repair of interstrand crosslinks (ICLs) as its absence demonstrates phenotype similar to the FA model. 
Additionally, PCNA-Ub prevents an alternative pathway, mismatch repair from intervening in ICL repair. These insights indicate a 
novel dual role of PCNA-Ub and establish its prominence in ICL repair.
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Introduction
Fanconi anemia (FA) is a rare genetic disorder characterized by 

aplastic anemia, developmental defects, and a high predisposition 

to cancer (3–5). FA is caused by a mutation in one of the 23 Fanconi 

complementation groups. The FA pathway is central to the repair 

of interstrand crosslinks (ICLs) (6). ICLs are highly toxic lesions 

that covalently link both strands of the DNA. Consequently, key 
biological processes such as replication and transcription are im-

peded (7, 8).
At the site of the ICL, eight FA proteins (FANCA, B, C, E, F, G, L, 

and M) form the FA core complex with FA-associated proteins 
(FAAP-20, FAAP-24, FAAP-100, MHF1, MHF2, and HES1) (3, 9). 
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This complex encompasses the E3 ubiquitin ligase FANCL, which 
collaborates with the ubiquitin-conjugating enzyme UBE2T (10). 
The core complex monoubiquitinates FANCI (11) and FANCD2 
proteins mediating the recruitment of endonucleases such as 
the XPF-ERCC1 (12) and SLX1-SLX4 complexes among others 
(13,14). These endonucleases cut the sugar phosphate backbone 
on both flanks of the ICL, resulting in a gap on one and an un-
hooked ICL on the other DNA strand. The FA pathway relies on 
the activity of TLS polymerases to mediate the replicative bypass 
of the noninstructive unhooked ICL lesion (15–17). Subsequently, 
the components of homologous recombination (HR) and nucleo-
tide excision repair (NER) pathways are recruited to complete 
the repair process (16, 18).

Besides the FA pathway, alternative pathways such as the 
NEIL3 pathway (1) and mismatch repair pathway (MMR) (2), 
among others (19), have been implicated in ICL repair. These alter-
native pathways process ICLs independent of the canonical FA 
route and can vary depending on the cell cycle phase. While the 
former requires the glycosylase NEIL3 to cleave one of the two 
N-glycosyl bonds of the crosslink, the latter involves the MMR rec-
ognition complex MSH2–MSH6 that can sense helix distorting ICLs 
and recruit MLH1-PMS2 and EXO1 to the ICL to unhook the cross-
link. Subsequently, a damage-tolerant DNA polymerase repli-
cates over the unhooked, noninstructive ICL. Finally, NER 
completes the repair process by removing the remaining bulky ad-
duct (2, 20, 21).

Regardless of the mode of the ICL unhooking, noninstructive le-
sions are central intermediates. Replicative bypass opposite these 
processed ICLs requires translesion synthesis (TLS) polymerases. 
TLS is a mode of DNA damage tolerance (DDT) that enables speci-
alized TLS polymerases to continue replication in the presence of 
lesions that otherwise block the replicative polymerases POLδ or 
POLϵ (22). During standard TLS, stalling of replicative polymerases 
segregates the helicase from the polymerase, exposing single- 
stranded DNA (ssDNA). Replication protein A binds to ssDNA 
and recruits RAD6–RAD18, an E2–E3 ubiquitin conjugase–ligase 
complex. This complex monoubiquitinates proliferating cell nu-
clear antigen (PCNA) site-specifically at lysine 164 (K164) (23–27). 
Ubiquitinated PCNA (PCNA-Ub) facilitates the switching of the 
replicative polymerases with a specialized damage-tolerant TLS 
polymerase that continues replication opposite the persisting le-
sion (22, 28). Thereby, DDT prohibits prolonged replication fork 
stalling, fork collapse, and associated genome instability. 
However, ICL repair studied using plasmids in Xenopus extracts 
does not demonstrate extensive ssDNA formation as replisomes 
approach the ICL from both directions (13).

Model systems using nonmodifiable PCNA-K164R (lysine- 
to-arginine mutation) have been highly informative in under-
standing the role of PCNA-Ub and SUMO modifications in 
tolerating a plethora of replication-blocking impediments (23, 
29–31). Data on whether which mode of TLS required for TLS poly-
merase recruitment and ICL repair are conflicting (13, 17, 30). 
While unbiased mass spec data revealed recruitment of RAD6/ 
18 to chromatin (32), REV1, shown to be required for ICL repair 
(17, 33, 34), has recently been demonstrated to be dispensable to 
mammalian ICL repair (30). This determines that the mode of 
TLS primary to ICL repair is dictated by PCNA-Ub. Moreover, 
PCNA-K164R primary PreB cells (B-cell precursors), MEFs, or 
lymphomas and POLK-deficient lymphomas are sensitive to com-
monly used ICL-inducing cancer chemotherapeutics such as cis-
platin (CDDP) (30, 35–37), while REV1-deficient counterparts are 
not (30). To determine the relevance of PCNA-Ub in FA-ICL repair 

in mammals, we requested a direct comparison between the two 
systems i.e. FA and PCNA-K164R. Moreover, PCNA-Ub has also 
been implied to recruit the Fanconi complexes to the sites of 
ICLs (38) and is responsible for POLK recruitment (30), suggesting 
a critical role for PCNA-Ub in the early steps of ICL repair. 
Altogether, these aspects necessitated a comprehensive systemic, 
cellular, and molecular analysis of PCNA-Ub in ICL repair.

To address these subjects, we intercrossed Fancg+/− mouse 
model (39) with the preestablished PCNAK164R/+ model (40, 41). A 
homozygous combination of both alterations [double mutants 
(DMs)] was found to be embryonically lethal, indicating that the 
lack of both DDT and FA is incompatible with mammalian life. 
In line, primary cell cultures could not be established from these 
mice. Inactivation of Trp53 rescued the proliferation defect of DM 
mouse embryonic fibroblasts (MEFs). Furthermore, upon exposure 
to ICL-inducing agents, PCNA-Ub-deficient cells and FANCG- 
deficient cells were found equally sensitive as measured by colony 
formation, EdU incorporation, and ssDNA formation. This further 
establishes PCNA-Ub as an essential regulator in the FA repair 
pathway in mammalian cells. Interestingly, in the absence of 
PCNA-Ub, the mismatch recognition complex MSH2–MSH6 was 
recruited to ICL site, indicating a novel function of PCNA-Ub in 
the decision making between canonical FA and noncanonical 
MMR-directed ICL repair. Our findings reveal a dual role of 
PCNA-Ub in ICL repair: excluding MMR from processing ICLs and 
facilitating TLS to resolve ICLs efficiently.

Results
A combined DDT and FA defect is embryonically 
and synthetically lethal
To determine the relevance of the PCNA-Ub-facilitated DDT in the 
FA pathway, Fancg+/−; Pcna+/KR mice (KR indicates a targeted lysine 
164 to arginine mutation in the Pcna locus) were intercrossed as a 
homozygous mutation rendered the mice infertile. Breeding data 
revealed that wild type (WT) (Pcna+/+; Fancg+/+) and KR (PcnaKR/KR; 
Fancg+/+) mice were born at expected Mendelian frequencies 
(Figure 1A). In contrast, single-mutant FGko (Pcna+/+; Fancg−/−) 
and DM (PcnaKR/KR; Fancg−/−) mice were born sub-Mendelian. Of 
note, while the Fancg deficiency had an intermediate effect on 
the litter size (observed/expected: 18/33), absence of both 
PcnaK164 and Fancg was very severe (3/33). Apparently, a homozy-
gous DM is embryonically lethal.

To understand this embryonically lethal interaction in the DM, 
timed mating was conducted to obtain 14.5-day-old embryos 
(E14.5), which were genotyped subsequently (Figure 1B). In con-
trast to the sub-Mendelian frequency of FGko mice, FGko embryos 
were found at expected Mendelian ratio. However, DM embryos 
were still obtained at sub-Mendelian frequency. This analysis 
demonstrated that the sub-Mendelian frequency of adult FGko 
mice is not attributed to an early but rather late embryonic defect. 
In contrast, the adverse impact of a combinatorial DM mutation 
on embryonic fitness initiates prior to E14.5.

To understand the impact of a combined DDT and FA defi-
ciency in relation to embryonic lethality, we investigated the im-
pact of these DDR defects by establishing primary cell cultures 
from E14.5. Despite several attempts, we selectively failed to es-
tablish primary PreB cell cultures from the E14.5 fetal livers of 
DM embryos. This apparent synthetically lethal interaction be-
tween both pathways further highlights the relevance of the 
DDT and FA pathways in warranting cellular fitness and survival. 
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Fig. 1. A combined DDT and FA defect increases cell cycle stress and cell death in pMEFs. A) Observed and expected numbers of offspring obtained from 
Pcna+/KR; Fancg+/− intercrosses. P-values were calculated using Pearson’s Chi-square test, **P < 0.01. B) Observed and expected numbers of E14.5 embryos 
obtained from timed mating of PCNA+/KR; FG+/− intercrosses. C) Heatmap showing unsupervised clustering of all genes expressed in two independent 
clones of WT and DM pMEFs as determined by RNA sequencing. Each MEF clone was sequenced in three technical replicates. D) RNA-seq data from WT 
and DM pMEFs were analyzed using IPA (right-tailed Fisher’s exact test; FDR < 0.05). Graph displays top 15 canonical pathways that have a positive or 
negative Z-score. The Z-score indicates predicted pathway activation or inhibition. E) Graph displays Pcna TPM counts from clones shown in C. P-values 
were calculated using one-way ANOVA. ****P < 0.0001. F) GSEA comparing transcriptomes of WT and DM pMEFs using the hallmark p53 gene set. 
Normalized enrichment score (NES) and FDR are indicated.
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Like PreB cell cultures, DM primary MEFs (pMEFs) failed to grow 
beyond the first two passages, limiting their experimental usage. 
To understand the selective disadvantage of the DM background 
on fitness of primary cells, we generated RNA-seq data from two 
independent WT and DM pMEFs. Fancg transcript per million 
(TPM) count across the DM clones validated the genotypic back-
ground of the clones (Supplementary Figure S1A). Unsupervised 
clustering grouped the independent pMEF clones according to 
their genotype (Figure 1C), which led to us to pool the RNA-seq 
data for further downstream analyses.

Ingenuity pathway analysis (IPA) identified the top 15 majorly 
affected pathways (Figure 1D). The majority of these pathways 
were involved in the DNA damage repair (DDR) network and cell 
cycle regulation. The latter involved transcriptomic changes in 
key cell cycle checkpoints activated in pMEFs, implying severe de-
fects in cell cycle progression in DM pMEFs. Cell cycle impairment 
was further confirmed by comparison of the Pcna TPM counts, a 
well-documented S-phase marker, between WT and DM. As ex-
pected, Pcna transcripts were reduced about two-fold in DM 
(Figure 1E), suggesting that the reduced proliferation of DM pMEFs 
relates to Trp53-based checkpoint induction, as confirmed by other 
well-known cell cycle markers (Supplementary Figure S1B).

To further elaborate the pathways affecting the cellular fitness 
of DM pMEFs, enrichment of specific “HALLMARK” gene sets ob-
tained from the MSigDB server was determined by gene set enrich-
ment analysis (GSEA) (Supplementary Figure S1C). In line with the 
IPA, GSEA also showed significant enrichment of the p53 pathway 
in the DM pMEFs (Figure 1F). As the guardian of the genome, Trp53 
maintains a delicate balance between DNA repair and cell death 
(42–44). The lack of critical DDR elements in DM pMEFs increases 
replicative stress and DNA damage, which results in Trp53 path-
way activation and eventually cell death.

In summary, lack of PCNA-Ub and FANCG is embryonically and 
synthetically lethal. RNA-seq from pMEFs indicated that a com-
bined defect induces DNA damage-based Trp53 activation, con-
tributing to the early demise of embryos, PreB cells, and pMEFs.

Trp53kd rescues DM-induced genotoxic stress
Given these observations, we reasoned that Trp53 knock-down 
would rescue the synthetic lethality of the DM pMEFs. Indeed, as 
determined by revised cluster analysis of RNA-seq data comparing 
Trp53kd WT and DM MEFs, a Trp53kd of DM pMEFs (Supplementary 
Figure S1D) restored Trp53-related phenotypes between WT and 
DM (Supplementary Figure S1E). Additionally, the Pcna TPM counts 
were comparable between Trp53kd WT and DM MEFs 
(Supplementary Figure S1F). In line, IPA of the immortalized 
MEFs also no longer displayed any differential DDR or cell 
cycle-associated pathways observed for the pMEFs 
(Supplementary Figure S1G). To determine the dynamic effect of 
the double mutation on cell proliferation in the absence of Trp53, 
growth kinetics of all Trp53kd immortalized MEFs, i.e. WT, KR, 
FGko, and DM, were recorded using the IncuCyte Live cell imaging 
system (Figure 2A). Immortalized MEFs of all four genotypes grew 
at comparable rates, indicating that in the absence of p53, the sta-
tus of PCNA-Ub or/and FANCG does not influence proliferation ki-
netics of MEFs under normal growth conditions. These insights 
further highlighted the impact of stress-induced activation of p53 
in DM pMEFs.

To detect any potential cellular alteration in cell cycle 
progression, cells were pulse-labeled with thymidine analogue 
EdU for 20 minutes and analyzed by flow cytometry (Figure 2B). 
Complementing the results from the IncuCyte assay, the frequency 

of EdU-labeled cells was comparable across all the genotypes. 
Combined with the growth kinetics data, these independent ap-
proaches portray that Trp53kd normalizes the cell growth in our 
MEFs irrespective of their DDR defect (Figure 2C).

Involvement of both PCNA-Ub and FA in overcoming impedi-
ments during DNA replication led us to study the impact of the 
mutations on a single-molecule level using the DNA fiber assay 
(45). To determine the replication fork speed, we analyzed the 
length of DNA fibers that were prepared from cells pulsed for 20 
minutes of CldU followed by 20 minutes of IdU (Figure 2D). The 
replication fork speed quantified from ongoing forks was compar-
able across all genotypes (Figure 2E). Additionally, the frequency 
of ongoing forks, origin firing, and replication terminations, as de-
fined in (45), also displayed no significant differences (Figure 2F). 
Altogether, these analyses revealed that lack of DDT causes a 
slight but insignificant reduction in fork speed, probably related 
to endogenous lesions, but overall does not affect replication 
fidelity.

Prolonged replication stress results in fork collapse and is asso-
ciated with the formation of recombinogenic double-stranded 
breaks (DSBs) (46). To address whether replication stress induced 
by endogenous impediments leads to an increase in DSBs, we per-
formed neutral comet assays on unchallenged MEFs. The ana-
lyses of the tail moments as readouts for DSBs did not display a 
significant increase in DSBs in single-mutant or DM MEFs in com-
parison with WT. Based on this assay, a K164R mutation, with or 
without FANCG, does not generate more DSBs in response to en-
dogenous replication impediments (Figure 2G).

Taken together, a knock-down of Trp53 in DM MEFs rescued the 
synthetic lethality observed in primary DM MEFs. Apart from a re-
stored proliferative capacity in Trp53kd DM MEFs, these immortal-
ized cells closely phenocopied those of KR MEFs regarding fork 
speed, origin firing and DSB formation. This finding provided an 
ideal system to address the relation and relevance of both 
PCNA-Ub and FA in the context of crosslink repair.

PCNA-Ub is a central player in crosslink repair
To determine the effect of the combined lack of PCNA-Ub and 
FANCG on cell proliferation in the presence of ICLs, IncuCyte as-
says were performed. Upon treatment with lower doses of MMC 
or CDDP, the single mutants as well as the DM were hypersensi-
tive compared to WT MEFs (Supplementary Figure S2A). 
Interestingly, the DM was as sensitive and displayed a similar 
growth profile to the single mutants, demonstrating epistasis be-
tween PCNA-Ub and FANCG in the presence of ICLs. This was also 
observed in the mutant cells treated with higher doses of the 
compounds.

However, as IncuCyte assays do not account for clonal variabil-
ity, drug-resistant clones may outgrow and occupy enter surface 
of the wells. A more robust method to assess the impact of ICLs 
on the cells is to assess the single-cell survival. This assay deter-
mines the potential of single cells to establish a colony in the pres-
ence of exogenous insults, such as UV-C, CDDP, and mitomycin C 
(MMC). Survival plots revealed that KR and DM MEFs were hyper-
sensitive to UV-C-induced lesions (Figure 3A). This agreed with 
our previous work, highlighting the relevance of PCNA-Ub in toler-
ating UV-C-induced lesions (35, 48) and re-confirmed the irrele-
vance of FANCG in repair of these lesions. Treatment with CDDP 
and MMC provided several key observations (Figure 3B and C). 
First, as expected FGko MEFs were sensitive to both crosslinking 
agents. Second, KR MEFs were found equally sensitive as FGko 
MEFs, indicating the dependence of FA-ICL repair on PCNA-Ub. 
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Fig. 2. Trp53kd KR; FGko MEFs have a normal proliferation and cell cycle profile. A) Trp53kd cell lines were seeded at 250 cells/well in a 96-well plate, and 
cell confluency was measured every 4 hours using IncuCyte live cell imaging system from two independent experiments. Dots at each timepoint indicate 
mean, and bars represent SD. B) Representative flow cytometry plots showing gating strategy to identify and compare EdU-positive population in Trp53kd 
MEFs cultured under standard conditions. Cells in S-phase were revealed by EdU incorporation for 20 minutes before harvesting and fixed in 70% ethanol. 
In addition, the DNA stain DAPI was used as a cell cycle marker to distinguish G1 from G2/M cells. C) Quantification of EdU-positive cells from two 
independent experiments. Each dot indicates a sample, and bars represent mean ± SD. D) Schematic representation of different replication fork 
structures (45) identified after pulse labeling with CldU (red) and IdU (green) (upper panel). Representative images of DNA fibers from Trp53kd MEFs (lower 
panel). Cells were pulse-labeled with CldU and IdU for 20 minutes each. Ongoing forks were used to calculate fork speed (kb/min). E) Replication fork 
speeds from Trp53kd MEFs cultured under standard conditions. Each dot represents an ongoing fork. At least 350 track lengths of ongoing forks were 
measured (from three independent experiments) with ImageJ. Bars represent mean ± SD. F) Quantification of ongoing forks, origin firing, and 
terminations as a frequency of all replication fork structures identified in fiber images used in E. G) Quantification of tail moments from Trp53kd MEFs as 
determined by neutral comet assay (technical replicates = 50, n = 3). Bars represent mean ± SD. Tail moments were obtained using CASP software.
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Third, DM MEFs were as sensitive as KR and FGko MEFs, i.e. 
PCNA-Ub is as relevant as a key component of the FA pathway, 
demonstrating an epistatic relation between the FA pathway 
and the RAD6/18 pathway.

To address the effect of crosslinks on the cell cycle progression, 
EdU incorporation assays were performed using MEFs that either 
were mock- or MMC-treated for 16 hours prior to EdU labeling. As 
expected, the frequency of EdU + replicating cells increased upon 

Fig. 3. PCNA-Ub is a central player in crosslink repair. A–C) Survival of WT, KR, FGko, and DM Trp53kd MEFs obtained by colony formation assay. Cells 
were seeded at increasing densities in 10-cm dishes, treated with increasing doses of A) UV-C, B) CDDP, and C) MMC and fixed, stained, and counted on 
day 7 after seeding. Colonies were counted using a colony counter from three independent experiments. For each dose, graph displays mean ± SD. D) 
Percentage of EdU-positive cells in untreated or MMC-treated MEFs. Each dot indicates a sample, and bars represent mean ± SD. Cells were left untreated 
or treated with 1.5 µM MMC for 16 hours followed by EdU labeling for 20 minutes before being harvested and fixed in 70% ethanol. In addition, the DNA 
stain DAPI was used as a cell cycle marker to distinguish G1 from G2/M cells. E) Length of CldU-labeled DNA fibers. Cells were left untreated or treated 
with 1.5 µM MMC for 16 hours followed by CldU labeling for 30 minutes before being harvested. At least 400 fibers were measured. Bars represent mean ±  
SD. P-values were calculated using one-way ANOVA. **P < 0.01, ****P < 0.0001. F), G) Quantification of CldU-based ssDNA based on protocol from 
Koundrioukoff et al. (47). Cells were grown in the presence of CldU for 24 hours before treatment or not with F) 1.5 µM MMC or G) 8 µM CDDP for 16 hours 
prior to fixation. CldU was immuno-detected without DNA denaturation, which only permits visualization of single-stranded regions. Nuclei were 
counterstained with DAPI. Bars represent median ± 95% CI.
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MMC exposure (Figure 3D, Supplementary Figure S2B). 
Interestingly, the mutants had a higher proportion of EdU + cells 
as compared to WT. Therefore, the lack of PCNA-Ub and/or 
FANCG, both of which participate in ICL repair, delays S/G2-phase.

The EdU incorporation assay demonstrated that induction of 
crosslinks arrested mutant MEFs to a similar extent but did not 
provide molecular insights regarding DNA replication. To address 
the impact of crosslinks at the single-molecule level, DNA fiber as-
says were performed on cells exposed to a high dose of MMC and 
subsequently labeled with CldU. Analyzing the length of CldU 
tracks under MMC-challenged conditions revealed a reduced 
CldU track length as compared to unchallenged controls 
(Figure 3E). Apparently, MMC-induced lesions hinder replication 
across all conditions. The hindrance was further augmented in 
KR, FGko, and DM cell lines. Apparently, the absence of 
PCNA-Ub had a similar effect as the lack of FANCG, caused by un-
resolved crosslinks that impact replication fork dynamics.

To determine whether the damage-induced replication stress 
favors the formation of ssDNA, cells were labeled with CldU for 
24 hours before subjecting them to MMC or CDDP for 16 hours. 
Cells were immunostained for CldU without denaturation, and 
nuclear CldU intensity was measured as a representation of 
ssDNA (Supplementary Figure S2C). Fold changes of MMC- and 
CDDP-treated WT MEFs in comparison with untreated condition 
showed no increase in CldU intensity (Figure 3F and G), indicating 
that ssDNA did not accumulate, as crosslinks were resolved effi-
ciently. On the other hand, CldU intensity significantly increased 
in the mutant cells, implying that exogenous crosslinks were not 
resolved efficiently in the absence of either PCNA-Ub or FANCG re-
sulting in ssDNA, potentially due to the halted replication process 
(Figure 3D, Supplementary Figure S2B).

Together, these observations determine that PCNA-Ub and 
FANCG are epistatic, i.e. function in the same pathway, regarding 
ICL repair in Trp53kd MEFS. Additionally, these results reflect the 
significance of the posttranslational modification of PCNA at K164 
in FA-mediated repair to resolve ICLs effectively, prevent ssDNA 
formation, and warrant genome stability. Ultimately, these in-
sights cement PCNA-Ub as a core member of the FA repair 
pathway.

PCNA-Ub facilitates FA repair and prohibits 
recruitment of MMR
Having demonstrated that PCNA-Ub plays a central role in 
FA-mediated crosslink repair, we next determined the impact of 
a PcnaK164R mutation on the repli/repair-osome composition 
around FANCG in the presence of endogenous or MMC-induced 
crosslinks.

Due to lack of a functional anti-FANCG antibody, we utilized a 
flagged FANCG overexpression system (39). Potential alterations 
in the FANCG interactome were addressed by rapid immunopreci-
pitation mass spectrometry of endogenous protein (RIME) (49) 
(Figure 4A). Experiments were performed on WT and KR MEFs re-
constituted with or without FG-Flag and were either untreated or 
treated with MMC for 16 hours before crosslinking with formalde-
hyde. Immunoprecipitation was performed on the chromatin ex-
tracts using an anti-Flag antibody. FANCG was significantly 
enriched in all reconstituted cell lines in comparison with nonre-
constituted ones. This was observed under both untreated and 
treated conditions, highlighting the specificity of the pull down 
(Figure 4B). Differences in label-free quantification (LFQ) values 
were calculated for each protein and a -log (P-value) > 1.3 (P <  
0.05) was considered significant. First, we determined the relative 

Fig. 4. PCNA-Ub facilitates FA repair and prohibits recruitment of MMR. 
A) Schematic displaying the steps involved in RIME. Figure was made with 
BioRender.com. B) Scatterplot depicting enrichment of WT + FG-Flag and 
KR + FG-Flag RIME experiments over their respective nonreconstituted 
controls under both untreated and MMC-treated conditions. FANCG is 
highly enriched (LFQ > I7.5I) under all FG-Flag-containing conditions. n =  
3. Cells were either left untreated or treated for 16 hours with 1.5 µM 
MMC. C) Heatmap depicting mean LFQ intensity in nonreconstituted and 
FG-Flag-reconstituted WT and KR cell lines for proteins detected from the 
“Fanconi anemia pathway” and “replication elongation” clusters as 
defined by Räschle et al. (32). D) Graph displaying raw LFQ intensities of 
PCNA in untreated and MMC-treated WT + FG-Flag and KR + FG-Flag 
RIMEs. Bars represent mean ± SD. P-values were calculated using 
two-way ANOVA. E) Schematic displaying the steps involved in analysis 
of the RIME data. F) Regression plot displaying median LFQ values for 
proteins detected in two out of three samples in the untreated WT +  
FG-Flag and KR + FG-Flag RIMEs. Upon IP on FG-Flag, proteins were 
enriched in KR only (upper left cluster), WT only (lower right cluster), or 
both (diagonal cluster) RIMEs. G) Graph displaying raw LFQ intensities of 
MSH2, MSH6, and LIG1 in untreated and MMC-treated WT + FG-Flag and 
KR + FG-Flag RIMEs. Bars represent mean ± SD. P-values were calculated 
using two-way ANOVA. *P < 0.05, **P < 0.01, ****P < 0.0001. H) Cells were 
treated with siRNAs against no target (NT), MSH2, and MSH6 for 6 hours. 
48 hours after transfection, cells were plated and subsequently treated 
with CDDP or MMC or left untreated for 5 days. Crystal violet absorbance 
was used to determine survival, and fold change was plotted for siMSH2- 
and siMSH6-treated WT and KR MEFs where data were normalized to the 
respective siNT controls for all conditions.
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enrichment of FANCG under each condition. As the FANCG levels 
were comparable across the distinct conditions, we then analyzed 
for known FANCG interactors. Among others, members of FA 
pathway and “DNA replication elongation” clusters, as annotated 
by Räschle et al (50), were enriched in the reconstituted cell lines. 
These insights further validated the quality of the RIME approach 
(Figure 4C). Interestingly, when comparing the amount of co- 
precipitated PCNA, the presence or absence of lysine 164-specific 
ubiquitination appeared to be irrelevant (Figure 4D). This suggests 
that the interaction of PCNA with chromatin is not affected by the 
PcnaK164R mutation.

The differential interactome of FANCG under the untreated 
condition was determined by searching for proteins that were en-
riched specifically in the KR + FG-Flag MEFs and not in the WT +  
FG-Flag MEFs (Figure 4E). We found member of the FA core com-
plex and other replication-associated proteins to be equally en-
riched in both WT + FG-Flag and KR + FG-Flag RIMEs (Figure 4F, 
green cluster). 176 specific proteins were identified and fed into 
the STRING database for potential network/pathway enrichment 
(Figure 4F, orange cluster). The KEGG pathway analysis revealed 
the MMR to be the sole pathway enriched with an FDR of 0.00065. 
Upon looking at the raw LFQ values of individual replicates, MSH6, 
MSH2, and LIG1 were significantly enriched in the KR + FG-Flag IP 
under untreated as well as MMC-treated conditions (Figure 4G), indi-
cating that in the absence of PCNA-Ub the mismatch recognition 
complex MSH2/MSH6 is preferentially recruited to sites of the FA 
core complex of endogenous/exogenous crosslinks.

To determine whether the recruitment of MSH2–MSH6 to the 
ICL site is advantageous to cell survival or not, we utilized a smart-
pool of siRNAs against MSH2 and MSH6 to check for cell survival in 
the presence/absence of exogenous DNA crosslinking agents. 
Cells were either untreated or treated with moderate doses of 
CDDP and MMC for 5 days 48 hours post-siRNA transfection, fixed 
and stained with crystal violet. Upon data normalization to the 
nontargeting siRNA (siNT), MSH2- and MSH6-deficient KR cells 
showed mild but nonsignificant reduction in survival under the 
untreated condition (Figure 4H). In contrast, when challenged 
with CDDP- or MMC-induced crosslinks, the presence MSH2 pro-
vided a significant survival advantage (Figure 4H). The trend 
seen for the MSH6 knock-down condition likely attributes to the 
fact that MSH2/MSH3 can compete with MSH2/MSH6 complexes 
in the detection of ICLs.

The insights generated by this unbiased RIME approach put for-
ward a model, where PCNA-Ub exerts two critical functions dur-
ing ICL repair: (i) facilitate TLS across the unhooked ICL to 
sustain canonical FA repair and (ii) subsequently prevent MSH2/ 
MSH6 from binding to the ICL site and permitting MMR to resolve 
the ICL in an FA-independent manner.

Discussion
PCNA ubiquitination is an integral step in FA-ICL 
repair
Repair of highly genotoxic ICLs depends on DDT system as an essen-
tial intermediate step in accomplishing TLS across the unhooked ICL 
(51). Despite previous insights (24, 26, 52), the actual relevance of 
PCNA-Ub as a contributing factor in FA-mediated ICL repair re-
mained to be fully determined on the basis of direct comparisons 
of PcnaK164R and Fancg−/− mice as well as intercrosses thereof.

We now demonstrate for the first time that a combined DM is 
embryonically lethal. This embryonic lethality coincides with a 
synthetic lethality, as demonstrated by the selective failure in es-
tablishing primary PreB and MEF cell cultures from DM embryos. 

This finding likely relates to the fact that PCNA-K164 modification, 
in addition to the ICLs, controls the tolerance of a plethora of DNA 
lesions, as a part of DDT pathway, in addition to the ICLs. This ef-
fect is similar to the embryonic lethality observed upon removing 
FANCG and FANCD2 simultaneously, where FANCD2 has add-
itional roles associated with DNA double-stranded ends and 
Holliday junctions (53). At the systemic level, this highlights a 
nonepistatic relation of the two pathways with specific independ-
ent functions in genome maintenance.

Trp53 dictates the cell fate of our DM cells (Figure 1). 
Interestingly, Garaycoechea et al. (54) observed that the embryon-
ic lethality in Aldh2−/−Fancd2−/− mice could be rescued by crossing 
with Trp53−/− mice. The hematopoietic stem cell containing 
Lineage(-)Sca-1(+)c-Kit(+) (LSK) population returned to WT status 
in Trp53−/−Aldh2−/−Fancd2−/− mice. Similarly, a Trp53kd in our DM 
MEFs restored them to WT status (Figure 1). Therefore, in the pres-
ence of Trp53, the lack of both DDT and FA pathways raises the 
DNA damage response to a p53-dictated threshold that is incom-
patible with mammalian life, potentially delineating the nonepi-
static relation between the two pathways observed in our mice 
and embryos.

In contrast, in the absence of Trp53, DM cells are rendered more 
tolerant to endogenous stressors (Figure 2), which enabled a de-
tailed study of the relationship between the two pathways regard-
ing repair of ICLs introduced by exogenous compounds such as 
CDDP or MMC. In the context of these compounds, single-mutant 
and DM cells are comparable in terms of growth kinetics, colony- 
forming ability, cell arrest in S-phase, nucleotide incorporation, 
and ssDNA formation (Figure 3, Supplementary Figure S2), reveal-
ing an epistatic relationship between PCNA-Ub and FANCG.

Based on these data, we conclude that Trp53kd provided us the 
opportunity to measure specific cell behavior in the presence of 
abundant ICLs imposed by exogenous compounds. Following 
this approach, we conclude that PCNA-Ub and FANCG act epistat-
ic in regulating ICL repair.

PCNA-Ub determines the choice between FA-ICL 
repair and MMR-ICL repair
The multifaceted interactome of PCNA comprises a number of re-
pair components including FA repair and MMR elements (6, 26, 38, 
55–58). In addition, experiments in Xenopus egg extracts show 
that FA proteins are recruited to the chromatin in a strictly 
replication-initiation-dependent manner that increases upon 
crosslink induction (59). Using FANCG-dependent RIME, we here 
determined the dependency of FA assembly on PCNA-Ub as well 
as other potential replisome changes induced by the K164R muta-
tion in the presence of endogenous or MMC-induced crosslinks. 
Interestingly, MMR components MSH2 and MSH6 were only de-
tected in the KR + FG-Flag RIMEs, indicating that the recruitment 
of this mismatch recognition complex to the ICL repair site is pro-
hibited by PCNA-Ub. We here provide first evidence that the exclu-
sion of MMR components during FA repair relies on site-specific 
PCNA ubiquitination (Figure 5).

The interaction of PCNA with MMR is well established (60–62). 
Also, MMR has been implicated in ICL repair, in both 
FA-dependent (63–65) and independent contexts (2, 66–72). 
Furthermore, deficiency of different MMR components can have 
an effect on FA cancer cell lines, suggesting that MMR provides 
an alternative mode to process ICLs. Thus, ICL repair by nonca-
nonical MMR can be initiated but likely comes at the expense of 
efficiency. Likewise, TLS can also be performed upon encounter-
ing lesions in the absence of PCNA-Ub, albeit inefficient (73). 

8 | PNAS Nexus, 2024, Vol. 3, No. 7

http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae242#supplementary-data


Ubiquitination has an impact on protein function, and the pres-
ence of the Ub moiety on PCNA influences its interaction with oth-
er proteins (74–76). Hence, we speculate that in the absence of 
mono/poly-Ub-driven steric hindrance, MMR competes with FA 
repair to process the ICL.

Collectively, our findings delineate a dual role of PCNA-Ub in FA 
pathway-mediated crosslink repair: Facilitate TLS and exclude 
MMR activities to warrant effective FA-repair. Future studies 
will have to uncover if the entire MMR pathway is recruited or 
only specific components, and if so, which ones. Furthermore, 

Fig. 5. Dual role of PCNA-Ub in facilitating FA-mediated ICL repair. ICL repair initiates with the assembly of the FA core complex and ubiquitination of 
downstream components I-D2, which results in unhooking of the lesion via various endonucleases. When PCNA can be monoubiquitinated at K164 (left), 
TLS polymerases are actively recruited that can replicate across the unhooked lesion and simultaneously prevent MMR members MSH2-MSH6 from 
being recruited. This facilitates efficient TLS and downstream repair, resulting in a resolved ICL. In the absence of PCNA-Ub (right), MSH2–MSH6 complex 
is able to intervene and compete with FA repair. Additionally, inefficient TLS but prevention/delay of HR-repair results in inefficiently resolved ICLs, 
which amplifies upon MMC exposure. Therefore, PCNA-Ub acts as a molecular balance, that in its ubiquitinated form warrants FA repair and excludes 
MMR activities. Figure was made with BioRender.com.
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the involvement of HR and NER factors in resolving the ICLs and 
the impact of this alternative pathway on genomic integrity also 
needs to be determined. In turn, this may provide novel insights 
that potentially can be exploited to improve efficacy of 
ICL-based chemotherapy.

Materials and methods
Generation of primary cell lines and cell culture
The generation of Pcna+/K164R(KR) and Fancg−/− mice has been de-
scribed elsewhere (39, 40, 77). Timed matings of PcnaKR/+ Fancg+/− 

females were set up with corresponding males to obtain embryos. 
On day 14.5 of gestation, embryos were isolated to prepare pri-
mary MEFs. From fetal liver, PreB cells were generated by cultur-
ing on irradiated ST2 feeder cells in complete Iscove Modified 
Dulbecco Medium (IMDM) medium (Iscoves, supplemented with 
8% fetal calf serum, 50 μM 2-mercapthoethanol, penicillin/strep-
tomycin) supplemented with IL-7. pMEFs (2, from independent 
embryos per genotype) were isolated using trypsin and cell 
strainers and cultured under low (3%) oxygen condition, with 5% 
CO2 at 37°C. To immortalize MEFs, pMEFs were transduced with 
a lentivirus encoding a p53-specific shRNA. The immortalized 
Trp53kd MEFs were grown in complete IMDM medium under nor-
mal oxygen levels with 5% CO2 at 37°C. All animal experiments 
were approved by an independent animal ethics committee of 
the Netherlands Cancer Institute (Amsterdam, The Netherlands) 
(DEC number 14053) and executed according to national and 
European guidelines.

IncuCyte proliferation assay
The IncuCyte ZOOM instrument (Essen Bioscience) live cell im-
aging system was used to monitor cell growth. 250 cells were 
plated in a 96 Greiner micro clear black well plate and imaged 
every 4 hours. The default software parameters for a 96-well plate 
with a 10 ×  objective were used for imaging. The IncuCyte soft-
ware was used to calculate mean confluence from four nonover-
lapping bright-phase images of each well.

EdU incorporation assay
MEFs cultured in the presence or absence of 1.5 µM MMC (concen-
trations) were labeled with 5-ethynyl-2´-deoxyuridine (EdU) (10 
µM) for 20 minutes, fixed in 70% EtOH, and stored at 4°C. On the 
day of analysis, cells were permeabilized using PBS/0.2% Triton 
X-100 and a Click-It reaction was performed for 1 hour. Cells 
were stained with DAPI (Sigma), and data acquisition was per-
formed on a BD LSR FortessaTM. Data analysis (cell cycle) was per-
formed using the FlowJo software (Tree Star, Ashland, OR, USA).

Fiber analysis
Cells were pulse-labeled with 25 µM CldU followed by 250 µM IdU 
for 20 minutes each. After labeling, cells were trypsinized and 
lysed in a spreading buffer (200 mM Tris–HCl pH 7.4, 50 mM ethyl-
enediaminetetraacetic acid (EDTA), and 0.5% sodium dodecyl sul-
fate (SDS) before spreading on a microscope slide (Menzel-Gläser, 
Superfrost). Slides were fixed in methanol/acetic acid 3:1. Before 
immunodetection, slides were treated with 2.5 M HCl for 1 hour 
and 15 minutes. To detect CldU- and IdU-labeled tracts, slides 
were incubated for 1 hour with rat anti-BrdU (Clone BU1/75, 
Novus Biologicals; 1:500) and mouse anti-BrdU (clone B44, 
Becton Dickinson; 1:750), respectively. Subsequently, slides were 
fixed with 4% paraformaldehyde for 10 minutes and incubated 
with Alexa 488-labeled goat antimouse and Alexa 555-labeled 

goat antirat (Molecular probes; 1:500) for 1 hour and 30 minutes. 
Pictures were taken with a Zeiss AxioObserver Z1 inverted micro-
scope using a 63 ×  lens equipped with a cooled Hamamatsu ORCA 
AG Black and White CCD camera, and track lengths and fork struc-
tures were analyzed with ImageJ software. Replication track lengths 
were calculated using the conversion factor 1 µm = 2.59 kb (78).

Neutral comet assay
Neutral comet assays were performed as described by Olive et al 
(79). Pictures of individual cells were taken with a Zeiss 
AxioObserver Z1 inverted microscope equipped with a cooled 
Hamamatsu ORCA AG Black and White CCD camera and analyzed 
with CASP software (http://www.casp.of.pl), where head center 
threshold was set at 0.8.

Immunoblotting
MEFs were harvested and subcellular fractionation kit for cul-
tured cells (Thermofisher) was used according to the manufac-
turer’s protocol. Nuclear lysates were sonicated for 15 minutes 
using a BioRuptor (30 seconds on, 30 seconds off, maximum 
power, at 4°C). Samples were spun at 20,000 g for 10 minutes, 
and the protein concentration was measured via the bicinchoinic 
acid (BCA) assay. Samples were run on a 3–8 Tris–acetate gel at 
150 V for 3 hours. The gels were transferred using a wet transfer 
system. After staining with Ponceau-S, samples were blocked for 
1 hour using PBS-T containing 5% skim milk powder, followed 
by incubation with primary antibody against FANCD2 and 
VINCULIN overnight at 4°C on a roller bank in PBS-T 1% milk. 
The next day, blots were washed four times with PBS-T for 5 mi-
nutes, followed by a 1-hour incubation with the secondary anti-
bodies at room temperature (RT). The membrane was washed 
three times with PBS-T for 5 minutes, after which the membrane 
was imaged on an Odyssey scanner (LiCor).

siRNA transfection
MEFs were grown in 6-cm dishes and transfected with SMARTpool 
siRNAs against murine Msh2 and Msh6 (Horizon-Discovery) using 
RNAImax according to the manufacturer’s specifications. 
Nontargeting control SMARTpool siRNAs were used as control.

Colony formation assay
MEFs were seeded in 10-cm dishes at various seeding densities in 
complete medium. One day later, the medium was removed and 
replaced with a complete medium containing the indicated con-
centrations of respective drugs. For UV-C, cells were treated 
with varying doses using the UV-MAT irradiation controller 
(Opsystec Dr. Grebel). After 6 days, medium was aspirated and 
the cells were washed with PBS and fixed in 5 ml 3:1 v/v metha-
nol/acetic acid for 1 hour. Following the fixation, colonies were 
stained by adding 3 ml of 0.3% Coomassie brilliant blue (Merck) so-
lution prepared in H2O. After 1.5 hours, the staining solution was 
removed, and the dishes were washed with H2O and dried over-
night. Colonies were counted using the Colcount (Oxford 
Optronix), and each condition was corrected for the number of 
seeded cells before being normalized to the untreated condition. 
Data points represent the mean survival relative to the untreated 
control cells.

ssDNA-based immunofluorescence
Immunofluorescence was performed as described previously (20). 
Cells were grown on coverslips in 10 µM CldU for 24 hours before 
the treatment with CDDP or MMC for 16 hours. After treatment, 

10 | PNAS Nexus, 2024, Vol. 3, No. 7

http://www.casp.of.pl


cells were washed with PBS and preextracted with PBS/0.5% 
Triton X-100) on ice for 1 minute. Cells were then fixed using 4% 
formaldehyde for 15 minutes at RT. Fixed cells were then incu-
bated with primary Abs against CldU at 37°C for 90 minutes. 
Cells were washed and incubated with secondary Abs alongside 
DAPI for 1 hour at RT. After washing, coverslips were mounted 
onto glass slides using Aqua Poly/Mount. Pictures were taken 
with a Zeiss AxioObserver Z1 inverted microscope using a 63 ×  
lens equipped with a cooled Hamamatsu ORCA AG Black and 
White CCD camera. Nuclear intensities were measured using a 
macro designed with ImageJ software.

Rapid immunoprecipitation mass spectrometry  
of endogenous protein
Cells reconstituted with flagged FANCG cDNA constructs were 
used. Cells were left untreated or treated with 1.5 µM MMC for 
16 hours. Cells were fixed, lysed, and sonicated as previously de-
scribed (49). The nuclear lysate was incubated with 100 µl mag-
netic beads (Dynabeads, Thermo Fisher Scientific) prebound 
with 10 µg anti-Flag antibody (Clone M2, Merck).

Tryptic digestion of bead-bound proteins was performed as de-
scribed previously (80). With the exception that LC–MS/MS ana-
lysis of the tryptic digests was performed on a Q Exactive HF-X 
hybrid quadrupole-Orbitrap mass spectrometer equipped with 
an EASY-NLC 1200 system (Thermo Fisher Scientific). The sam-
ples were eluted from the analytical column in a 90-minute linear 
gradient, containing a 74-minute linear increase from 7 to 29% 
solvent B, followed by a 16-minute wash at 100% solvent B.

Raw data were analyzed by MaxQuant (version 1.6.17.0) (81) us-
ing standard settings. MS/MS data were searched against the Mus 
Musculus Swissprot database (17,027 entries, release 2020_02) 
complemented with a list of common contaminants and con-
catenated with the reversed version of all sequences. The max-
imum allowed mass tolerance was 4.5 ppm in the main search 
and 20 ppm for fragment ion masses. False discovery rates 
(FDRs) for peptide and protein identification were set to 1%. 
Trypsin/P was chosen as cleavage specificity allowing two missed 
cleavages. Carbamidomethylation (C) was set as a fixed modifica-
tion, while oxidation (M) and deamidation (NQ) were used as vari-
able modifications. LFQ intensities were log2-transformed in 
Perseus (version 1.6.14.0) (82), and the proteins were filtered for 
at least two out of three valid values in one condition. Missing val-
ues were replaced by imputation based on the standard settings of 
Perseus, i.e. a normal distribution using a width of 0.3 and a down-
shift of 1.8. Differentially expressed proteins were determined us-
ing a t test (threshold: P ≤ 0.05 and [x/y] ≥ 1.5 | [x/y] ≤ −1.5). The raw 
data were submitted to ProteomeXchange via the PRIDE database 
with the dataset identifier PXD035337. Data corresponding to 
RIME experiments were plotted using the ggplot2 package in R.

RNA sequencing
RNA-seq sample preparation
MEFs were resuspended in TRIzol (Ambion Life Technologies), and 
total RNA was extracted according to the manufacturer’s proto-
col. Quality and quantity of the total RNA were assessed by the 
2100 Bioanalyzer using a Nano chip (Agilent). Only RNA samples 
having an RNA integrity number > 8 were subjected to library 
generation.

RNA-seq library preparation
Strand-specific cDNA libraries were generated using the TruSeq 
Stranded mRNA sample preparation kit (Illumina) according to 

the manufacturer’s protocol. The libraries were analyzed for 
size and quantity of cDNAs on a 2100 Bioanalyzer using a DNA 
7500 chip (Agilent), diluted, and pooled in multiplex sequencing 
pools. The libraries were sequenced as 65 base single reads on a 
HiSeq2500 (Illumina).

RNA-seq preprocessing
Strand-specific RNA reads (11–33 million reads per sample), 65-bp 
single end, were aligned against the mouse reference genome 
(Ensembl build 38) using Tophat (version 2.1, bowtie version 1.1). 
Tophat was supplied with a file in a Gene Transfer Format (GTF, 
Ensembl version 77) and with the following parameters: 
“--prefilter-multihits –no-coverage-search –bowtie1 –library-type 
fr-firststrand”. To count the number of reads per gene, a custom 
script which is based on the same ideas as HTSeq count was 
used. A list of the total number of uniquely mapped reads for 
each gene that is present in the provided GTF file was generated.

RNA-seq analysis
Differential gene expression analysis was performed in R lan-
guage (version 4.0.2) using the edgeR package (3.30.3) with default 
arguments. Genes that have no expression across all samples 
within the dataset were removed, and the analysis was restricted 
to those genes which have at least two counts per million value in 
all the samples in a specific contrast, to exclude very low express-
ing genes. Differential expression analysis was performed on only 
relevant samples with the design set to either genotypes or Trp53 
status of the cell type. Genes were considered to be differentially 
expressed when the FDR was below 0.05 after the Benjamini– 
Hochberg multiple testing correction. After differential analysis, 
expression of genes was plotted by using the ggplot2 package 
(3.3.3). Read counts were corrected for gene length based on the 
longest transcript of the gene followed by normalization for the li-
brary size and shown as transcript per million (TPM). TPMs were 
used for showing the expression of a set of genes across different 
conditions by using pheatmap package (1.0.12) with default argu-
ments, and the genes were clustered based on Z-score.

Ingenuity pathway analysis
Lists of differentially expressed genes (FDR < 0.05) between differ-
ent conditions were submitted to IPA with the log fold change 
(logFC) threshold set at 0.1, to identify the potential pathways 
that are related to the transcriptional changes.

Gene set enrichment analysis
GSEA was performed using GSEA software (v. 4.0.3) (83, 84) on 
RNA-seq data of WT/DM pMEFs, on genesets obtained from 
mSigDB Hallmark gene sets (Liberzon et al., 2015). Permutations 
for each gene set were conducted 1,000 times to obtain an empir-
ical null distribution.

Statistical analysis
To assess the statistical significance of our data, appropriate tests 
were performed using GraphPad Prism.
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