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SUMMARY

Lynch syndrome (LS) is the most common hereditary form of colon cancer, resulting from a germline mutation in a DNA mismatch repair
(MMR) gene. Loss of MMR in cells establishes a mutator phenotype, which may underlie its link to cancer. Acquired downstream muta-
tions that provide the cell a selective advantage would contribute to tumorigenesis. It is unclear, however, whether loss of MMR has other
consequences that would directly result in a selective advantage. We found that knockout of the MMR gene MSH2 results in an immediate
survival advantage in human stem cells grown under standard cell culture conditions. This advantage results, in part, from an MMR-
dependent response to oxidative stress. We also found that loss of MMR gives rise to enhanced formation and growth of human colonic
organoids. These results suggest that loss of MMR may affect cells in ways beyond just increasing mutation frequency that could influence

tumorigenesis.

INTRODUCTION

The mismatch repair (MMR) pathway maintains genomic
stability within a cell. In particular, MMR corrects mistakes
made by the DNA polymerase during replication (Fishel,
2015; Kolodner, 1996; Modrich, 2006). This highly
conserved repair pathway is initiated by a heterodimer of
MSH2-MSHS6 recognizing the DNA mismatch during repli-
cation (Fishel, 2015). Interaction with the mismatch stim-
ulates an ADP — ATP exchange, resulting in formation of a
sliding clamp, which diffuses along the DNA (Fishel, 2015).
This ATP-bound clamp recruits the next MMR heterodimer,
MLH1-PMS2, to load onto DNA (Fishel, 2015). MLH1-
PMS2 then interacts with PCNA (proliferating cell nuclear
antigen) located at a strand discrimination site, thought
to be a nick in the daughter strand, to activate an inherent
endonuclease activity in PMS2 (Pluciennik et al., 2010).
Generation of these secondary nicks by PMS2 likely pro-
motes removal of the errant daughter strand through exci-
sion by EXO1 or some other exonuclease-independent
mechanism (Fishel, 2015; Goellner et al., 2015). The DNA
polymerase then resynthesizes the region to insert the cor-
rect base. Therefore, loss of function of any of the four ma-
jor MMR proteins leads to uncorrected mismatches and an
~1,000-fold increase in mutation accumulation as well as
increased frameshift alterations in simple repeat sequences
(Kunkel and Erie, 2005; Strand et al., 1993).

Acquisition of this mutator phenotype is thought to un-
derlie the link between MMR deficiency and tumorigenesis
(Fishel and Kolodner, 1995). Germline mutations in any of
the four major MMR genes have been linked to the hered-
itary form of colon cancer, known as Lynch syndrome (LS;

MIM: 120435), and loss of MMR function has also been
observed in some sporadic cases of colon and several other
cancers (Lynch et al., 2015). The presumption is that MMR
genes do not act as classic tumor suppressors whose loss
leads to an immediate selective advantage but, rather, indi-
rectly affect tumor etiology by establishing a mutator
phenotype that increases the frequency of subsequent mu-
tations in oncogenes and tumor suppressor genes (Fishel
and Kolodner, 1995).

It is not clear, therefore, whether there is an immediate
effect of MMR loss in a cell before accumulation of muta-
tions in other cancer-driving genes (Fishel, 2001; Heinen
et al., 2002). A potential effect may stem from other
MMR functions. In addition to repairing polymerase errors,
MMR also plays a role in inducing cell cycle arrest and
apoptosis in response to certain forms of DNA damage
(Gupta and Heinen, 2019; Li et al., 2016). Our lab and
others have shown that MMR-deficient cells are more resis-
tant to certain DNA-damaging agents, such as S, 1 alkylat-
ing agents (Gupta and Heinen, 2019; Heinen, 2014). The
MMR pathway induces a damage response to other agents
as well (Aebi et al., 1996; Carethers et al., 1999; Fink et al.,
1996; Swann et al., 1996), including 6-thioguanine, 5-fluo-
rouracil, the intrastrand crosslinker cisplatin, and oxidative
damage, but there are conflicting data concerning this last
source of damage (DeWeese et al., 1998; Glaab et al., 2001;
Hardman et al., 2001; Martin et al., 2009, 2010; Wang et al.,
2005). These observations invoke the possibility that loss of
MMR function could result in an immediate selective
advantage under certain environmental conditions that
would be independent of subsequent mutational events
in other genes.
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To study the immediate consequences of MMR loss in
human cells, we examined human pluripotent stem cells,
a non-cancer model that has yet to acquire multiple muta-
tional changes and undergo subsequent rounds of selec-
tion. We have demonstrated previously that this model,
including human embryonic stem cells (hESCs), shows
robust MMR activity and readily undergoes apoptosis in
response to a DNA-alkylating agent in an MMR-dependent
manner (Gupta et al., 2018; Lin et al., 2014). In this study,
we find that knocking out the MMR gene MSH2 (MIM:
609309) causes hESCs to gain a selective advantage over
wild-type (WT) cells in a standard cell culture environment.
We also find that oxidative damage likely plays an impor-
tant role in selecting for MMR-deficient stem cell popula-
tions. These results support the idea that loss of MMR
causes a survival advantage in a stem cell population and
that certain environmental stresses can increase the selec-
tion for MMR-deficient cells.

RESULTS

MMR loss confers a growth advantage in human stem
cells

While culturing WT and MSH2 knockout (KO) hESCs
generated by Clustered Regularly Interspaced Short Palin-
dromic Repeats (CRISPR) editing, we consistently observed
that the MSH2 KO hESCs displayed an apparent growth
advantage under standard cell culture conditions. To quan-
tify this apparent advantage, we counted the number of
cells per well for MMR-proficient WT and two independent
MSH2 KO hESC lines (Figures 1A and 1B). We found that
both MSH2 KO lines showed a significant increase in the
number of cells over a 5-day period compared with the
WT cells. In addition, we found that multiple other inde-
pendent MSH2 KO cell lines also displayed this apparent
growth advantage (Figures S1A-S1C). To explore whether
this phenotype applied to other stem cell lines, we also
knocked out MSH2 in the human induced pluripotent
stem cell (iPSC) line YK26 (Figures S1D and S1E). Similar
to the MSH2 KO H1 hESCs, the YK26 MSH2 KO line had
significantly more cells per well compared with the WT
YK26 cells, suggesting that this phenotype was not
restricted to H1 hESCs (Figure 1C).

One of the known hallmarks of MMR deficiency is an in-
crease in mutation rate, referred to as the mutator pheno-
type (Fishel and Kolodner, 1995). Therefore, to verify that
the growth advantage observed in MSH2 KO cells is a result
of loss of MSH2 function and not due to downstream
changes in other genes, we used CRISPR gene editing to
correct the MSHZ2 sequence at both alleles in the MSH2
KO2 cells (Figure S1F). We confirmed that this resulted in
restoration of a functional MSH2 protein via western blot
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as well as restored sensitivity to the DNA-alkylating agent
N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) in the
MSH2 knockin (KI) line (Figures S1G and S1H). Restoration
of MSH2 significantly reduced the growth advantage; KI
hESCs grew less than the parental MSH2 KO2 line (Fig-
ure 1D). We also examined whether this growth advantage
was specific to MSH2 loss or loss of MMR function in gen-
eral, by utilizing cells in which the MLH1 (MIM: 120436)
gene was knocked out by CRISPR gene editing (Rath
et al., 2022). We saw a similar growth advantage in MLH1
KO cells, much like when MSH2 was lost (Figure 1E), sug-
gesting that the advantage was due to loss of MMR
function.

Loss of MMR does not affect cell cycle duration

We next assessed whether the MSH2 KO growth advantage
was due to increased proliferation. We determined that
there was no significant difference in the doubling time be-
tween MSH2 KO and WT cells by incubating cells with car-
boxy-fluorescein diacetate succinimidyl ester (CFSE) (Fig-
ure S2A). Our observed doubling time of 14-15 h is
consistent with that reported previously for hESCs (Becker
et al., 2006). Cell cycle analysis showed no significant dif-
ference in the percentage of cells in each phase of the cell
cycle between the MSH2 KO and WT lines (Figure S2B).
These data indicate that the growth advantage in the
MSH2 KO cells is not a result of increased proliferation.

MMR-proficient stem cells display increased anoikis
levels under standard cell culture conditions

We have shown previously that MSH2 KO hESCs are more
resistant to the DNA-damaging agent MNNG compared
with MMR-proficient hESCs (Gupta et al., 2018; Rath
et al., 2019). This suggests that, in the presence of an exog-
enous DNA-damaging agent, MMR-deficient cells have a
survival advantage over MMR-proficient cells. Therefore,
we hypothesized that the growth advantage displayed by
MSH2 KO hESCs could be due to a survival advantage
amidst the stress experienced under standard cell culture
conditions. It is known that hESCs will readily undergo
apoptosis when faced with stress (Liu et al., 2013), particu-
larly through anoikis (Wang et al., 2009; Watanabe et al.,
2007). Anoikis occurs early in apoptosis when cells become
detached from their extracellular matrix before ultimately
undergoing programmed cell death (Paoli et al., 2013). To
measure whether WT cells undergo increased cell death
compared with MSH2 KO cells, we counted floating cells
from WT and MSH2 KO clones over a 2-day period. We
found that the MSH2 KO lines had significantly fewer
floating cells compared with the WT line for H1 and
YK26 cells (Figures 2A and 2B). To verify that floating cells
were undergoing apoptosis, we performed a live/dead assay
using annexin V and PI. We found that more than 98% of
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the floating cells were annexin V-positive or annexin V-and
PI-positive in the WTand KO cell lines, indicating that they
underwent apoptosis (Figure S3A). The viability of the
floating cells was confirmed when replated floating cells
were grown for 1 week and stained with methylene blue
to observe colony formation. We found that less than
0.1% of the cells were able to re-form colonies (Figure S3B).
We next examined whether the MSH2 KO cells were less
prone to apoptosis in general because of changes in levels
of the apoptosis-regulating proteins BCL1 or PUMA but
found that these protein levels are similar as in WT cells
(Figure S3C). We also determined that the levels of OCT4,
a marker for pluripotency (Boyer et al., 2005; Hay et al.,
2004), were similar between WT and MSH2 KO cells
(Figures S3C and S3D). To determine whether the observed

survival advantage in MSH2 KO cells was due to direct loss
of MMR and not a downstream mutation, we repeated the
anoikis experiments with the MSH2 Kl line. The KIline had
a significant increase in the percentage of floating cells
compared with its parental MSH2 KO clone, more like
WT hESCs (Figure 2C). These data suggest that MSH2-defi-
cient cells gain a survival advantage over WT cells, likely
underlying the observed growth advantage.

MMR can induce a replication stress response in hESCs
in the absence of exogenous stress

We have shown previously that, when an exogenous DNA-
damaging agent is added to MMR-proficient hESCs,
they undergo apoptosis marked by increased signs of repli-
cation stress and DNA double-strand breaks (DSBs) in an
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MSH2-dependent manner (Gupta et al.,, 2018). Based on
these findings, we wanted to determine whether the
decreased cell death observed in MSH2 KO cells under stan-
dard cell culture conditions was also accompanied by a
decrease in markers of replication stress and DSB forma-
tion. To test this, we stained our cells with the general repli-
cation stress and DSB marker YH2AX. We observed that
there were significantly more WT cells with yYH2AX foci
compared with MSH2 KO cells (Figure 3A). We also stained
the cells for the DSB markers 53BP1 and RADS51, which are
involved in non-homologous end joining repair and ho-
mologous recombination repair, respectively. In line with
the findings for YH2AX, we found significantly more WT
cells with 53BP1 foci and RADS1 foci compared with
MSH2 KO cells (Figures 3B and 3C). These results indicate
that WT hESCs grown under standard cell culture condi-
tions show signs of low-level replication stress and DSBs
that may ultimately lead to some cell death in an MMR-
dependent manner.

Oxidative stress contributes to MSH2 KO selective
advantage

Our results suggest that hESCs grown under standard cell
culture conditions experience low levels of stress that
may increase MMR activity, resulting in activation of a
DNA damage response. We hypothesized that one possible
source of stress is oxidative damage because of cell culture
at ambient oxygen levels. Oxidative stress can result in
8-oxoguanine lesions, which have been shown to activate
the MMR pathway (Mazurek et al., 2002). We first wanted
to assess how hESCs respond to oxidative stress because
previous studies in other cell types have generated discor-
dant results. Although some labs have reported that
MMR-deficient cells are more resistant to oxidative damage
(DeWeese et al., 1998; Glaab et al., 2001; Hardman et al.,
2001), others have shown that MMR-deficient cells are
more sensitive (Martin et al.,, 2009, 2010; Wang et al.,
2005). To verify how hESCs respond to oxidative damage,
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Figure 2. MMR-deficient stem cells are
less likely to undergo anoikis

(A-C) Percentage of floating cells counted
after 48 h for WT and MSH2 KO clones (K01
and K02) (A), WT and MSH2 KO YK26 cells
(B), and WT, K02, and a clone in which both
. MSH2 alleles were restored to the WT
sequence (KI) (C). Two-tailed Student’s t
test was used to determine p values. n =3
= independent repeats for all experiments.

WT KO2 Ki

we treated cells with increasing concentrations of the
oxidative agent KBrOs;. We found that MSH2 KO cells
were more resistant to KBrO3 compared with WT cells (Fig-
ure 4A). The MSH2 KI line regained sensitivity to KBrOs,
similar to the WT hESC line (Figure S4A). These data sup-
port our prediction that WT hESCs are sensitive to oxida-
tive damage and that low-level oxidative stress resulting
from standard cell culture at 20% O, could be a potential
driver of increased cell death in WT hESCs. To address
this hypothesis, we attempted to reduce the level of WT
cell death by decreasing oxidative stress. We treated our
cells with the antioxidant vitamin C for 48 h and repeated
our anoikis assay. We found that, when WT cells were
treated with 75 uM vitamin C, there was a significant
decrease in the percentage of cell death compared with
MSH2 KO cells (Figure 4B). Treatment with a second antiox-
idant, N-acetyl cysteine (NAC), at 250 uM for 48 h pro-
duced a similar result (Figure 4C). Finally, we repeated the
assay with cells incubated in 5% O, to determine whether
growing cells at reduced oxygen levels would affect cell sur-
vival. We found a significant decrease in cell death in our
WT cells at 5% O,, comparable with the KO lines (Fig-
ure 4D). Because a previous study indicated that growth
of HCT-116 cancer cells under hypoxic conditions led to
downregulation of MSH2 levels (Koshiji et al., 2005), we
tested whether the reduction in cell death we observed un-
der reduced oxygen conditions was instead due to loss of
MSH2 protein. We found that growth of WT hESCs for
72 h at 5% O, did not alter MSH2 or MSH6 protein levels
(Figure S4B). These results suggest that WT hESCs have
an MMR-dependent sensitivity to even low levels of oxida-
tive stress that could give rise to a survival advantage upon
MSH2 loss.

MMR-deficient colonic organoids have a growth and
survival advantage

We next wanted to determine whether loss of MMR leads
to a survival advantage in a more differentiated cell type.
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The main form of cancer LS patients develop is colorectal MSH2 KO hESCs into COs (Figures 5A and S5) and tracked
cancer (Lynch et al., 2015), and it is believed that the their survival over a 2-week period. To confirm that any
colonic stem cell is the cell type from which cancer effects were due to loss of MMR function and not down-
originates (Barker et al.,, 2009). We therefore examined stream mutations in those cells, we also differentiated
the effects of MSH2 loss in human colonic organoids the MSH2 KI hESCs. We found that the MSH2 KO
(COs). To investigate this, we differentiated WT and hESCs consistently formed more colonic spheroids upon
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Figure 4. Oxidative damage contributes
to the survival advantage in MMR-defi-
cient hESCs

(A) Cell survival for WT and two MSH2 KO
hESC clones (KO1 and KO2) after 1-h treat-
ment with increasing concentrations of the
oxidative agent KBrOs.

(B and C) Percentage of floating WT, K01,
and KO2 hESCs with or without 75 pM
vitamin C (B) or 250 uM NAC (C) treatment
for 48 h.
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completion of the differentiation protocol than the WT or
KI hESCs (Figure 5B). We also found significantly fewer
surviving WT and KI COs after 2 weeks (after normalizing
for the starting number of COs) compared with MSH2 KO
COs (Figure 5C). While tracking survival, we noticed
that the MSH2 KO COs grew significantly larger than
the WT and KI COs and were marked by increased
budding, indicative of increased, localized stem cell prolif-
eration (Sato et al., 2009, 2011; Yip et al., 2018; Figures 5A
and SD). These data suggest that even in a more differen-
tiated, three-dimensional model system, loss of MMR
function can confer a selective advantage.

DISCUSSION

Loss of MMR likely has an indirect effect on tumorigenesis
through the mutator phenotype (Fishel and Kolodner,
1995). An increased mutation rate in an MMR-deficient
cell would enhance the likelihood of a downstream muta-
tion that affords that cell a selective advantage. However,
we have proposed previously that loss of MMR may play
a larger role in promoting tumorigenesis because of its
role in mediating cell cycle arrest and apoptosis in response
to certain forms of DNA damage (Heinen et al., 2002; Hol-
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lenbach et al., 2011). In this study, we used hESCs in which
the MSH2 gene was disrupted by CRISPR gene editing to
show that loss of MMR function results in an immediate
survival advantage even in the absence of added exogenous
DNA-damaging agents. We also showed that this pheno-
type could be rescued upon restoring MSH2 expression in
the KO cells. We demonstrated that cells lacking MSH2
form COs more efficiently, marked by enhanced survival
and size. These MSH2 KO COs displayed increased
budding, representative of sites of increased intestinal
stem cell activity in organoids (Sato et al., 2009, 2011; Yip
et al., 2018). This result suggests that loss of MMR provides
a direct selective advantage to colonic stem cells as well,
indicating the potential for a role of the MMR-dependent
damage response in preventing tumorigenesis.

This damage response has been implicated as amechanism
of chemotherapeutic resistance in MMR-deficient tumors.
Alkylating agents, 5-fluorouracil, cisplatin, and other DNA-
damaging agents that elicit an MMR-dependent damage
response in cell culture models are less effective in treating
MMR-deficient tumors (Gupta and Heinen, 2019; Heinen,
2014). However, a role of the MMR-dependent damage
response in preventing tumorigenesis has largely been
underexplored. Evidence from animal models support a
role of the MMR-dependent damage response in tumor
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suppression. Mouse models with point mutations in Msh2 or
Msh6 have been described that distupt MMR repair activity
but leave the DNA damage response intact (Lin et al., 2004;
Yang et al., 2004). Although these animals still develop tu-
mors, onset of tumorigenesis is delayed compared with
MMR gene KO mice, suggesting that both MMR functions
may affect cancer development. In a mosaic mouse model
with a mix of intestinal MMR-proficient and -deficient cells,
the DNA alkylating agent temozolomide led to an increase in
entirely MMR-deficient crypts, indicating that DNA damage
stress creates a selection pressure for MMR-deficient stem
cells (Wojciechowicz et al., 2014). Tumorigenesis in these an-
imals is also accelerated, consistent with a model where

Figure 5. MMR-deficient hESCs are more

Ki A proficient at forming COs

~ ' WT, MSH2 KO (K01 and K02), and KO2 hESCs

3 ! in which both alleles of the MSH2 sequence

. were restored (KI) were differentiated into

colonic organoids (COs) and imaged using

light microscopy. Scale bars, 80 pum.

(A) Two representative images of WT, K01,

‘. K02, and KI COs.

& (B) Total number of WT, K01, K02, and KI
oy COs collected during a representative dif-
ferentiation experiment.

. (C) Total WT, K01, K02, and KI COs in a

Matrigel plug on days 0, 4, and 14 after
differentiation, normalized to the count on
day 0. n = 3 for WT and K01, n = 2 inde-
pendent repeats for K02 and KI.
(D) Diameter of WT (n = 63), KO1 (n = 258),
K02 (n = 333), and KI (nN = 125) COs,
measured on day 4 after differentiation.
Two-tailed Student’s t test was used to
determine p values.
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increased numbers of MMR-deficient cells can spur
tumorigenesis.

By examining MMR loss in hESCs, we could test the ef-
fects of MMR deficiency in a non-cancerous human stem
cell line that had not accumulated multiple mutations
and undergone rounds of selection and expansion. Our
previous work found that treatment of hESCs with an alky-
lating agent leads to increased MMR activity, resulting in
replication stress, DSBs, and apoptosis (Gupta et al., 2018;
Lin et al., 2014). However, the immediate growth advan-
tage we observed in this study in MMR-deficient hESCs in
the absence of any exogenous DNA-damaging agents was
unexpected. We determined that the MMR-deficient cells
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did not proliferate faster but acquired a survival advantage,
consistent with loss of the MMR-dependent damage
response. However, because we did not treat the cells
with any DNA-damaging agents, we hypothesized that
WT cells may be responding to oxidative stress from the
high ambient levels of oxygen under standard cell culture
conditions. Conflicting responses to oxidative damage in
MMR-proficient versus -deficient cells have been reported.
Early studies demonstrated that loss of MMR function leads
to decreased repair of 8-oxoguanine lesions caused by
gamma irradiation or H,O, and decreased apoptosis (DeW-
eese et al., 1998; Glaab et al., 2001; Hardman et al., 2001;
Wang et al., 2005). Conversely, a more recent study has
shown that cancer cells with restored MMR function are
more sensitive to agents that cause oxidative stress,
including methotrexate and menadione (Martin et al.,
2009). The same group later showed that deficient MMR
is in a synthetic lethal relationship with loss of DNA poly-
merases involved in repairing oxidative lesions, consistent
with the model where increased 8-oxoguanine lesions in-
crease cell death in MMR-deficient cells (Martin et al.,
2010). The reasons behind these opposing findings are
not clear. The source of oxidative stress used may partially
underlie the disparate results because different agents may
have more extensive effects beyond just oxidative stress,
such as methotrexate, which interferes with folate meta-
bolism. The levels of induced oxidative damage may also
affect the response because studies reporting increased
resistance of MMR-deficient cells to H,O, used higher doses
(Glaab et al., 2001; Hardman et al., 2001). There is also the
suggestion that the effect may depend on the MMR gene
that is depleted. The early studies showed increased resis-
tance of MLHI1-deficient cells to oxidative stress (Glaab
et al., 2001; Hardman et al., 2001), whereas Martin et al.
(2009) showed decreased resistance of MMR-deficient cells
focused on MSH2. However, our experiments primarily uti-
lized MSH2 KO hESCs, finding them more resistant to
oxidative stress caused by KBrO3. We found that antioxi-
dants provided protection to MMR-proficient WT cells
growing under standard cell culture conditions. Our results
suggest a role of MMR in response to 8-oxoguanine lesions
that is similar to the MMR-dependent response to O°-
methylguanine lesions, in which active MMR is required
to signal the presence of damage.

Our results in hESCs and differentiated COs support the
in vivo observations indicative of an effect of the MMR-
dependent damage response on tumorigenesis described
above. Future studies will be important to determine
whether a survival advantage is gained from MMR loss in
human adult stem cells. Loss of the remaining WT MMR
gene allele in a colonic stem cell in a patient with LS, for
example, may cause that cell to gain a selective advantage
over its heterozygous neighbors. This may be an important
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step in tumorigenesis by establishing a field of MMR-defi-
cient cells from which a tumor could emerge. Although
this model presupposes that loss of MMR function is an
early step in tumorigenesis, this is not a settled question.
One study examining colorectal polyps in patients with
LS found that microsatellite instability, a marker for defec-
tive MMR, was present in only half of polyps, with an
increased prevalence in larger adenomas, suggesting that
loss of MMR function is a later event in tumorigenesis (Yur-
gelun et al., 2012). In contrast, a second study demon-
strated that loss of MMR could be identified in over 70%
of polyps from patients with LS, including 100% of ade-
nomas with high-grade dysplasia, suggesting that loss of
MMR is a frequent event even in these pre-cancerous le-
sions (Walsh et al., 2012). The presence of histologically
normal colonic crypts that lack MMR protein expression
in normal mucosa from patients with LS implicates loss
of MMR as a very early event (Kloor et al.,, 2012; Lee
etal., 2022; Pai etal., 2018; Staffa et al., 2015). These studies
identified MMR-deficient foci that ranged in size from a
single crypt to poly-cryptic foci as large as 49 crypts. These
poly-cryptic foci, sometimes marked by increased crypt
branching and fission, suggest that a single MMR-defective
stem cell could expand into clonal fields of MMR-deficient
cells from which a tumor could arise. In conjunction with
our results, we propose that loss of the MMR-dependent
damage response in a single colonic stem cell creates a se-
lective advantage, leading to clonal expansion and creation
of these observed MMR-deficient colonic crypts.

The exciting aspect of this prediction is that, if we can un-
derstand the environmental exposures that result in the se-
lective pressures driving expansion of MMR-deficient cells,
then we could intervene to prevent this and, thus, reduce
tumorigenesis. One exposure that is a known risk factor for
cancer in patients with LS is smoking (Brand et al., 2006; Di-
ergaarde et al., 2007; Pande et al., 2010; Watson et al., 2004;
Winkels et al., 2012), which results in exposure of colonic
cells toa number of genotoxic compounds such as polycyclic
aromatic hydrocarbons, N-nitrosamines, and various free
radicals and oxidants that cause increased oxidative stress
(Godschalk et al., 2002). Persistent oxidative stress can also
arise from chronic inflammation (Todoric et al., 2016),
another potential risk factor for cancer in patients with LS.
Co-occurrence of inflammatory bowel disease in patients
with LSresults in an earlier age of colorectal cancer onset (De-
rikx et al., 2017). Nearly two-thirds of ulcerative colitis-asso-
ciated CRCs are marked by defective MMR at an early stage
(Heinen et al., 1997; Ishitsuka et al., 2001; Suszuki et al.,
1994; Tahara et al., 2005). Long-term exposure to these sour-
ces of stress could provide selective pressure for loss of MMR.
Lifestyle changes or chemopreventative approaches, such as
antioxidants and anti-inflammatories, might dampen the
advantage gained by MMR loss, increasing the chances



that an MMR-deficient cell is outcompeted in the niche by
other MMR-proficient stem cells. This outcome would
reduce disease penetrance in patients with LS. Consistent
with this prediction, aspirin, a non-steroidal anti-inflamma-
tory drug (NSAID), reduces long-term CRC incidence in pa-
tients with LS (Burn et al., 2011, 2020). Our findings that
MMR-deficient stem cells acquire a selective advantage
over WT cells provides important mechanistic insight that
could be exploited in future translational studies to reduce
the risk of cancer prevalence in patients with LS.

EXPERIMENTAL PROCEDURES
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Materials availability

All cell lines generated for this study are available upon request.

Cell culture

H1 hESCs obtained from the WiCell Research Institute were cultured
under feeder-free conditions in PeproGrow hESC medium
(PeproTech) at 37°C and 5% CO,. YK26 iPSCs were reprogrammed
from human dermal fibroblasts as described previously (Zeng et al.,
2010). MSH2 KO hESC lines were derived previously (Gupta et al.,
2018; Rath etal., 2019). Cell lines were passaged using StemPro Accu-
tase Cell Dissociation Reagent (Gibco) every 4-5 days onto tissue cul-
ture plates coated with growth factor-reduced Matrigel (Corning) in
the presence of ROCK (Rho kinase) inhibitor. The following day,
hESC medium was replaced with fresh medium without ROCK in-
hibitor. All experiments took place 3—4 days after initial seeding of
cells, except for the growth analysis and DNA damage experiments.
For growth analysis experiments, 5,000 cells/well of a 24-well
tissue culture plate were seeded (day 0). Starting on day 2, hESCs
were harvested and counted using a hemocytometer. hESCs were
harvested and counted for 3 more consecutive days. Each experi-
ment was performed three times and consisted of three technical rep-
licates each.

Cell cycle analysis

Cell doubling times were determined as described previously
(Becker et al., 2006). Briefly, WT and MSH2 KO hESCs were
seeded and expanded for 3 days. hESCs were incubated with
3 mg/mL CFSE (Sigma) dissolved in PBS with Ca®>* and Mg**
for 10 min at 37°C. Cells were then harvested every 24 h for
72 h. The cells were fixed with 4% paraformaldehyde (PFA) for
10 min at room temperature (RT), washed twice with PBS, resus-
pended in 500 pL of PBS, and filtered before being analyzed using
an LSRII flow cytometer (BD Biosciences). The data were analyzed
using FlowJo, and the mean CSFE value was compared with the
time O value to determine the rate of decay for each 24-h time
period. To analyze cell cycle profiles, equal numbers of WT and
MSH2 KO hESCs were incubated at 37°C with 10 uM S-ethynyl-
2'-dexoyuridine (EdU) for 30 min. Cells were then washed and

harvested before being fixed with 4% PFA for 15 min. EdU incor-
poration was detected using the Click-iT Plus EdU Alexa Fluor
647 Flow Cytometry Assay Kit (Molecular Probes). Cells were
stained with Hoechst-33342 (Life Technologies) for 10 min at
RT and filtered before being analyzed using an LSRII flow cytom-
eter. Data were analyzed using FlowJo.

Immunofluorescence and image analysis

hESCs were seeded onto Matrigel-coated Thermanox Cell Culture
Coverslips (Nunc). Cells were washed once and fixed with 4%
PFA for 10 min at RT. Cells were then permeabilized with 1% Triton
X-100 for 10 min, washed with PBS, and blocked with 3% goat
serum in PBS for 1 h at RT. Cells were incubated with primary an-
tibodies diluted in 3% goat serum for 1-2 h at RT and then with sec-
ondary antibodies diluted in 3% goat serum for 1 h at RT (Alexa
Fluor 488 or Alexa Fluor 568, Molecular Probes). Primary anti-
bodies used included YH2AX (05-636, EMD Millipore), 53BP1
(NB100-304, Novus Biologicals), RAD51 (PC130, EMD Millipore),
and OCT4 (19857, Abcam). The nuclei of cells were stained using
Hoechst-33342 for 10 min at RT. Coverslips were mounted and
imaged using a Carl Zeiss Plan-apochromat 63x/1.4 numerical
aperture oil immersion objective on a Carl Zeiss LSM 780 confocal
microscope. Images were analyzed using MetaMorph.

MTT survival assays

hESCs were seeded onto Matrigel-coated wells of a 24-well tissue
culture plate. Cells were treated with increasing concentrations
of KBrO3 in PBS with Ca** and Mg?* to induce oxidative damage
for 1 h or increasing concentrations of MNNG for 48 h as described
previously (Rath et al., 2019). Cells were washed, replaced with
fresh medium, and incubated for 16 or 24 h. Cell viability was as-
sessed using Vybrant MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide tetrazolium) Cell Proliferation Assay
Kit (V-13154) according to the manufacturer’s instructions.

Cell death assay

hESCs were seeded onto Matrigel-coated wells of a 6-well tissue cul-
ture plate. Adherent cells from 3 wells were counted the next day,
and the average value was used as the baseline cell number (day 1).
The remaining wells of hESCs were washed once with PBS, given
fresh medium, and incubated for 48 h. On day 3, the floating
and adherent cells were collected separately from each well and
counted. The following equation was used to determine the per-
centage of cell death for each well:

percent cell death = [number of floating cells/(number of
adherent cells on day 3 — average baseline cell number on day
1)] x 100.

To verify that the floating cells underwent apoptosis, cells were
stained with annexin and Pl as indicated in the Alexa Fluor 488 An-
nexin V/Dead Cell Apoptosis Kit with Alexa

Fluor 488 Annexin V and PI for Flow Cytometry protocol (Invi-
trogen). Cell death was also confirmed by staining cells with meth-
ylene blue to determine the number of floating cells that could
re-form colonies. For antioxidant experiments, cells were treated
with 75 pM vitamin C or 250 pM NAC the day after the cells
were seeded and incubated for 48 h. For experiments in reduced
oxygen, cells were plated and incubated at 20% or 5% O,. Fresh
medium was added after 24 h, and floating cells were collected after
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an additional 48 h. Floating and adherent cells were harvested and
counted as described above.

Western blots

hESCs were harvested, and total cell extracts were obtained as
described previously (Gupta et al., 2018). Equal concentrations of
protein were loaded onto an SDS-PAGE gel and transferred to a pol-
yvinylidene fluoride (PVDF) membrane. Western blot analysis was
performed using the following antibodies: MSH2 (NA27, EMD
Millipore), MLH1 (550838, BD Biosciences), MSH6 (A300-023A,
Bethyl Laboratories), PMS2 (556415; Santa Cruz Biotechnology),
BCL-2 (SC-7382, Santa Cruz), Actin (SC-8432, Santa Cruz), and
PUMA (12450T, Cell Signaling Technology).

Gene targeting

Single-cell dilution seeding of MSH2 KO cells (KO2) was used to
isolate single-cell clones. Genomic DNA for each clone was
collected and PCR amplified using high-fidelity Phusion DNA
polymerase (New England Biolabs), and Sanger sequencing was
completed. Sequencing results were entered into the ICE (Infer-
ence of CRISPR Edits) Analyzer on ice.synthego.com, which pro-
vided computational analysis, showing the alleles present in
each clonal sample. Results for a single clone that presented
only two alleles were used for the in silico design (CRISPOR)
(Concordet and Haeussler, 2018) of a single guide RNA (sgRNA)
for each allele and a single-stranded oligodeoxyribonucleotide
(ssODN) for transfection into the MSH2 KO clone (Table S1).
Transfected cells were treated with 1 pg/mL of puromycin for 2
days and then given 1x CloneR (STEMCELL Technologies) for
5 days to isolate single-cell-derived clones. Genomic DNA was
isolated from clones, PCR amplified using high-fidelity Phusion
DNA polymerase (NEB), and genotyped wusing Sanger
sequencing. KO of MSH2 in YK26 iPSCs was performed as
described previously (Rath et al., 2019) with the appropriate
sgRNA (Table S1).

Organoid formation

hESCs were differentiated as described previously (Munera et al.,
2017). Briefly, hESC medium was removed from the cells and re-
placed with RPMI 1640 + L-glutamine, non-essential amino acids,
100 ng/mL Activin-A (Cell Guidance Systems), and 15 ng/mL
BMP4 (Gibco) for 24 h. This was followed by the same medium
without BMP4 but with addition of 0.2% fetal bovine serum
(FBS) for 1 day and then 2% FBS for an additional day. On day 4
of the differentiation protocol, the cells were incubated in RPMI
1640 + L-glutamine, 2% FBS, non-essential amino acids, 3 pM
CHIR99021 (Selleck Chemicals), and 500 ng/mL FGF-4 (R&D Sys-
tems) for 4 days. Floating spheroids were harvested and placed into
Matrigel in DMEM-F12 + L-glutamine, B27 (Gibco), N2 (Gibco),
100 ng/mL epidermal growth factor (EGF; R&D Systems), and
100 ng/mL BMP2 (R&D Systems) for 3 days. After 3 days, BMP2
was removed from the basal medium, and organoids were counted
to determine the number of starting organoids (day 0) and again
on days 4 and 14. The number of organoids counted on days 4
and 14 were normalized to day 0. On day 4, the diameter of each
organoid was measured at the widest point of the organoid to
determine size. Organoids were imaged using an Olympus 1X50
light microscope and analyzed using Q-Imaging software.
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