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MLH1 mediates  cytoprotective

nucleophagy to resist 5-Fluorouracil-
induced cell

death in colorectal

carcinoma

Abstract

Colorectal Cancer (CRC) with Microsatellite instability (MSI) and mutLhomolog-1 (MLH1) gene deficiency are less aggressive than
MLH] proficient cancers. MLH1 is involved in several cellular processes, but its connection with the autophagy-dependent cellular
response towards anticancer drugs remains unclear. In this study, we aimed to investigate the interaction between MLHI and the
autophagy marker LC3, which facilitated nucleophagy induction, and its potential role in determining sensitivity to 5-Fluorouracil
(5-FU) induced cell death. To examine the role of MLH1 in DNA-damage-induced nucleophagy in CRC cells, we utilized a panel
of MLH1 deficient and MLH]I proficient CRC cell lines. We included a parental HCT116 cell line (MLH1 /=) and its isogenic cell
line HCT116 MLHI*'~ in which a single allele of the MLH1 gene was introduced using CRISPR-Cas9 gene editing. We observed
that MLH]I proficient cells were less sensitive to the 5-FU-induced cytotoxic effect. The 5-FU induced DNA damage led to LC3 up-
regulation, which was dependent on MLH]I overexpression. Moreover, immunofluorescence and immunoprecipitation data showed
LC3 and MLH1 were colocalized in CRC cells. Consequently, MLH1 dependent 5-FU-induced DNA damage contributed to the
formation of micronuclei. These micronuclei colocalize with autolysosome, indicating a cytoprotective role of MLH1 dependent
nucleophagy. Interestingly, siRNA knockdown of MLHI in HCT116 MLHI'~ prevented LC3 upregulation and micronuclei
formation. These novel data are the first to show an essential role of MLH1 in mediating the chemoresistance and survival of cancer
cells by increasing the LC3 expression and inducing nucleophagy in 5-FU treated CRC cells.
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Introduction

About 10 % of all cancer-related mortalities are attributed to colorectal
carcinoma (CRC) [1]. The anticipated global burden of CRC is expected
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to increase by about more than 60 % by the year 2035 [2]. As a result,
enormous efforts were placed on developing effective therapeutics and
preventive strategies to decrease the prevalence of CRC. Interestingly, about
15 % of CRC cases develop via a pathway characterized by the DNA
mismatch repair (MMR) pathway malfunctioning. CRC cases with defective
MMR pathway are identified as deficient MMR (MMR-D) cancer, whereas
most of the remaining CRC cases are proficient MMR (MMR-P). Most
MMR-D cancers are associated with the inactivation of MutL homolog 1
(MLH]1) or MutS homolog 2 (MSH2) genes. CRC patients with MMR-D are
associated with high microsatellite instability (MSI-H); whereas CRCs cases
with MMR-P show low microsatellite instability (MSI-L), and in most cases,
are microsatellite stable (MSS). Furthermore, there are controversies about
whether MSI-H is a good prognostic factor in CRC patients. Several studies
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have shown that MMR-D CRC cases have better stage-adjusted survival than
MMR-P CRC cases [3,4]. The European Society for Medical Oncology has
lately excluded MSI status as a predictive marker for chemotherapy due to
controversial findings [5]. Nevertheless, it is widely accepted that MSI-H
cancer patients with better survival show less metastasis, and whether MSI
patients benefit more from 5-Fluorouracil (5-FU) therapy than the MSS CRC
patients is controversial.

MLH1 is a crucial component of the MMR pathway [6], and is implicated
in other key cellular processes such as cell cycle regulation and apoptosis [7].
Another process implicated in CRC tumorigenesis and therapeutic resistance
is autophagy [8]. Autophagy may exert protective functions during advanced
stages of cancer by supplying cancer cells with extra building blocks and
energy sources to meet their demands. Recently, autophagy has been observed
to protect cancer cells from chemotherapy-mediated apoptosis by inducing
senescence [9]. Cellular senescence is a phenomenon of attaining stable cell
cycle arrest, particularly in response to DNA damage. Thus, autophagy is
considered one of the integral steps cancer cells use in the stress adaption
process for aggressiveness, metastasis, and senescence. Only a few studies have
linked chemotherapy-induced autophagy with MMR pathway genes, but a
plethora of questions remain unanswered.

Given that autophagy is induced in response to DNA damage and
that MLH1 status affects CRC aggressiveness, we hypothesized that MLH1
could influence the anticancer drug response by mediating DNA damage-
induced autophagy of the nuclear material. Using a panel of MLHI proficient
and MLHI deficient CRC cell lines, as well as an isogenically matched
MLH]I gene CRISPR-Cas9 knock-in CRC cell line, we showed that MLH1
mediates the resistance to chemotherapy-induced DNA damage by favoring
nucleophagy in CRC cells. For the first time, we showed an essential role
of MLHI in mediating the survival of CRC cells by increasing the LC3
expression, inducing nucleophagy upon 5-FU treatment.

Methods
Cell lines

A panel of four CRC cell lines was utilized in this study. SW480 (RRID:
CVCL_0546) and RKO (RRID: CVCL_0504) cell lines were obtained
from American Type Culture Collection (ATCC, Manassas, VA, USA).
Also, a pair of isogenic cell lines, HCT 116 parental (RRID: CVCL_0291)
and HCT 116 MLH1+/- CRISPR-Cas9 knock-in (RRID: CVCL_HD84;
knock-in by homologous recombination of the wild-type MLHI in 1 of the
2 alleles), were obtained from Horizon Discovery, gene editing company
(Cat. no# HD104-006, Waterbeach, UK). These cell lines were chosen to
match the CMS group of HCT 116 (all four cell lines used are CMS4;
both HCT 116 and RKO are MSI-H, SW480 is MSI-L). These CRC cells
were cultured at 37 °C in humidified 95% air, 5% CO, and regularly
evaluated for mycoplasma contamination. All these cell lines were maintained
in RPMI culture media supplemented with 10 % FBS and 1 % penicillin
and streptomycin. Cells were seeded at 1 x 10° cells/mL in a 100 mm dish.
When reaching about 70 % confluence, they were treated with 5-Fluorouracil
(5-FU), Doxorubicin (DOX) and Irinotecan purchased from Sigma (Sigma
Aldrich, MO, USA) at increasing concentrations diluted in DMSO. Control
cells were left untreated and are referred to as untreated cancer cells.
Results were normalized to the effects of cell culture media on these control
cells.

Cell viability assay

CRC cell lines were treated with different concentrations of 5-FU, DOX,
Irinotecan or a DMSO vehicle control in triplicates. Briefly, 5000 cells/well
were seeded in 96-well plates and treated with different concentrations
of 5-FU, DOX and Irinotecan. After 24 h or 48 h, viability assays

were performed using an MTT assay (Sigma Aldrich) and a Biotek plate
reader. After subtracting the values of media blank, viability was calculated
following normalization to the control. Values represent an average of three
independent experiments.

Flow cytometric analysis for apoptosis

To assess apoptosis, an Annexin V-FITC/PI apoptosis kit (Annexin v-
FITC Early Detection Kit #6592, Thermo Fisher Sci., MA, USA) was used
according to the manufacturer’s instructions. Briefly, cells were seeded at a
density of 1 x 10° cells per 10 mm culture dish. After attachment overnight,
cells were washed twice, collected, suspended with PBS, and cultured in a
medium with 5 uM and 10 pM for 24 h or 48 h. All cells were collected and
suspended in an ice-cold 1x binding buffer. Approximately 1 x 10 cells were
then stained with 1 pL of Annexin V-FITC and 12.5 pL of PI for 15 min and
analyzed using a Flow cytometer (BD FACS Aria III; Becton Dickinson, NJ,
USA).

Western blot analysis

Cells were lysed in RIPA buffer and cleared by centrifugation (14,000
RPM for 15 min at 4°C). Protein concentration was determined using the
bicinchoninic acid assay (BCA) method. Cell lysates containing 20 pg protein
were separated by SDS-PAGE gel electrophoresis and transferred onto a
Polyvinylidene difluoride membrane (BioRad). The membranes were blocked
with 5 % skimmed milk powder (Sigma Aldrich) for 1 h at room temperature,
washed with TBST, and reacted with primary antibody anti-LC3(A/B)-
I/11, anti-Beclin, anti-ATG3, anti-ATG5, anti-ATG16, anti-H2AX, anti-
SIRT1, anti-MLHI1, anti-Lamin A/C, anti-PARP, or anti-GAPDH (all
antibodies were from Cell Signaling Technology, MA, USA) at 1:1000
dilution overnight at 4°C. The specific HRP-labeled secondary antibodies
(Cell Signaling Technology) were then reacted at 1:2000 dilutions for 1
h at room temperature. Chemiluminescence was detected using Enhanced
Chemiluminescence western blotting detection reagent (BioRad, CA, USA).
GAPDH or PARP was used as a loading control.

Nuclear staining and immunofluorescence microscopy

Cells were seeded onto glass coverslips and cultured in 6 well plates at
37°C. After incubation, cells were fixed with 4 % formaldehyde for 30 min
and permeabilized with 0.1% Triton X-100 in PBS for 10 min. The cells
were stained using 4, 6-Diamidino-2-phenylindole dihydrochloride (Sigma
Aldrich). Images were captured using an IX73 inverted microscope system.

Autophagy analysis

To assess cellular autophagy, an autophagosome formation detection
kit (Sigma Aldrich, MAK138) was used according to the manufacturer’s
instructions. Briefly, cells were cultured in appropriate conditions for 18 h
and then treated with or without 5-FU for 24 h. Untreated cells were used
as controls. Chloroquine (CQ; 50 pM), an autophagy inhibitor-treated cells
were used as a negative control. All experiments were conducted in triplicate
and repeated 3 times. Western blotting was used to assess the basal level
of autophagy by measuring autophagy marker LC3 I/II protein expression.
Confocal microscopy was used to determine the autophagy flux by measuring
colocalization of autophagosomes with lysosomes by incubating the cells with
60 nM of LysoTracker (Life Technologies) for 1hr at room temperature.

Nuclear and cytoplasmic protein extraction from cultured cell lines

The separation of proteins from cell cultures into nuclear and cytoplasmic
fractions was carried out using a subcellular protein fractionation kit for
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cultured cells (Thermo Scientific) as per the manufacturer’s instructions.
Extracted nuclear and cytoplasmic protein fractions were frozen (-80 °C).

EGFP-LC3 transfection

Isogenically matched MLHI proficient HCT116 MLH1%/~ cells were
transfected with LC3-GFP (Premo™ Autophagy Sensor LC3-GFP BacMam
2.0) according to the manufacturer’s instructions. The cells were transiently
transfected for 24 h and then treated with the indicated reagents. Laser
scanning confocal microscopy was used to image the cells (GFP scanning:
Aex = 530 nm and Aem = 500 nm).

RNA interference

Isogenically matched MLHI proficient HCT116 MLH1%/~ cells were
transfected with Silencer” small interfering RNA (siRNA) for knockdown of
MLHI (siMLH1 ‘119549 Catalog # AM51331, purchased from Thermo
Fisher Sci.). These Silencer siRNAs are pre-designed and pre-validated for
maximum potency and specificity. Silencer Select Negative Control siRNA
(Thermo Fisher Sci., catalog # 4390843) was used as a negative control. For
high throughput transfection, the reverse transfection method was performed
using Lipofectamine 2000 and Opti-MEM Reduced Serum Medium (Life
Technologies) as described previously [10].

Immunoprecipitation assay

The immunoprecipitation assay was performed according to the
manufacturer’s instructions using an immunoprecipitation kit (ab206996,
Abcam, Cambridge, UK). At least two independent experiments were
performed to assess the physical interaction of MLH1 and LC3. The
cells were lysed in a non-denaturing lysis buffer. Then the protein lysate
was incubated with MLH1 antibody (4C9C7-Cell Signaling Technology)
overnight at 4°C. The beads were washed three times with wash buffer and
blocked with BSA for 1 h. The BSA was then removed and three washings
were performed. Beads were added to the antibody-protein lysate mixture
and incubated at 4°C for 1 h. Beads were again washed three times with
wash buffer, and then the complex was eluted in 2X lamellae buffer after
boiling for 5 min. The eluent was stored at -80°C until the SDS-PAGE and
immunoblotting were performed.

Statistical analysis

All the graphs and statistical analyses were prepared using GraphPad
Prism software version 8.0 (San Diego, CA, USA). Results are expressed as
mean £ SD. The comparisons were performed using one-way or two-way
analysis of variance (ANOVA). *p < 0.05 was regarded as significant.

Results

MLH] proficient cells are resistant to DNA damage as compared to
MLH]1 deficient cells

There is much controversy in predicting the association of MSI status with
the chemotherapeutic response [5]. We conducted #7 silico analysis using the
Genomics of Drug Sensitivity in Cancer (GDSC; www.cancerRxgene.org) to
investigate this issue, searching for the half-maximal inhibitory concentration
(IC50) values for the MLHI deficient and proficient CRC cell lines in
response to 5-FU treatment. Based on the work by Kaja et al., characterization
of CRC cell lines for presence and absence of mutations in MLHI gene by
targeted sequencing, we selected ten CRC cell lines for i silico analysis [11].
Figure 1A shows that all five of the MLH1 proficient CRC cell lines (SW1116,

SW620, SW948, 1LS-1034, and COLO-320) showed higher 5-FU IC50
values than the four of the five MLH]I deficient CRC cell lines (HCT116,
HCT-15, RKO, and KM12), only except for SW48 cell line. Next, we
experimentally validated MLH1 status in a set of four CRC cell lines. Here,
isogenic CRISPR-Cas9 knock-in MLH1 proficient HCT116 MLH1+/~ cells
and HCT116 parental (MLH17/7) cells were used. Additional cell lines
used to support the findings included RKO (MLHI-deficient) and SW480
(MLH1I-proficient). The MLH1 protein expression in these cell lines was
confirmed by western blotting (Figure 1B).

We evaluated the effects of 5-FU treatment on HCT116 parental and
HCT116 MLH1%~ cell viability using a standard MTT assay. 5-FU
treatment profoundly affected the viability of MLHI deficient cells in a
time and dose-dependent manner. In contrast, 5-FU treatment did not
significantly affect MLHI proficient cells compared to MLHI deficient
cells (Figure 2A). We further assessed the viability of MLHI proficient
HCT116 MLHI1%~ and MLHI deficient HCT116 parental cells using
two additional DNA-damaging drugs, Doxorubicin and Irinotecan. MTT
analysis revealed that Doxorubicin and Irinotecan significantly affected
the cell viability of MLHI deficient HCT116 parental cells compared to
MLH]I proficient HCT116 MLH1*/~ cells in a dose- and time-dependent
manner (Supplementary Figure S1), confirming our previous results. Next,
we confirmed apoptosis induction in a panel of MLHI proficient and MLHI
deficient cell lines using the Annexin-PI staining. Our results showed that 5-
FU treatment remarkably increased the number of apoptotic cells in MLH1
deficient cells compared to the MLHI proficient cells in a time and dose-
dependent manner (P < 0.05; Figure 2B and C). These results suggested that
the MLHI gene could be responsible for CRC cell’s hyposensitivity towards
the DNA damage induced by 5-FU treatment.

MLH]1 influences SFU-induced autophagy in CRC cell lines

It is well known that autophagy is one of the cellular protein degradation
pathways which may lead to chemoresistance [12]. To determine the effect
of the MLHI gene on the 5-FU-induced autophagy, we investigated the
level of LC3-1/II and the formation of autophagosomes in MLH1 proficient
HCT116 MLH1%" cells and MLHI deficient HCT116 parental CRC
cells. Western blot analysis revealed that MLHI increased the expression
of the autophagy markers LC3-II, Beclin, ATG16, ATG5 and ATG3 in
5-FU treated MLHI proficient HCT116 MLH1%/~ cells compared to
MLH]I deficient HCT116 parental cells (Figure 3A and 3B). We also
investigated the LC3-I/II levels in SW480 and RKO cell lines. Western
blotting revealed that MLHI-proficient SW480 cells expressed more LC3-
I than MLH]I deficient RKO cells after treatment with 5-FU (Figure 3C).
The increase in LC3-II levels may be due to more autophagy or inhibition
of autophagy at later stages. To ensure that the increase in LC3-II levels in
MLH]1 proficient cells HCT116 MLH1%/~ may not be due to late-phase
autophagy inhibition, we measured LC3-II in MLH1 proficient HCT116
MLH1%" cells treated with lysosomal inhibitor chloroquine. The further
increase in LC3-II levels in chloroquine treated cells compared to LC3-
IT levels in 5-FU treated cells suggested the increase in LC3-II levels in
MLH]I proficient cells is plausibly due to increased autophagy (Figure 3D).
Furthermore, autophagosome detection assay showed that MLHI-proficient
HCT116 MLH1*/~ cells produced substantially more autophagosomes than
the MLHI-deficient HCT116 parental cells after treatment with 5-FU
(Figure 3E), indicating that the increased rate of DNA damage-induced
autophagy depends on the MLHI gene.

Nuclear-cytoplasmic ratio of MLH1, LC3, and SIRT1 changed after
5-FU induced DNA damage

A recent study suggested that DNA damage leads to the induction of
nucleophagy, a form of selective autophagy [13]; hence one would expect
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Figure 1. In silico analysis of ten CRC cell lines revealed MLH1 proficient colorectal cancers correlates to higher IC50 values of DNA damage-inducing drug
5-FU (A). Confirmation of MLH1 expression in a panel of four CRC cancer cell lines at 24 h and 48 h (B).
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Figure 2. MLH1 increases hyposensitivity to 5-FU in colorectal cancer. The viability of MLHI proficient cells HCT116 MLH1%/~, SW480 and MLH1
deficient cells HCT116 par (parental), RKO was assessed by MTT assay after treatment with 5-FU for 24 h and 48 h (A). Total apoptosis in a panel of CRC
cell lines was measured by Annexin PI-FITC staining after treatment with 5-FU for 24 h and 48 h (B). Graphs represent quantification of total apoptosis after
treatment with 5-FU for 24 h and 48 h in a panel of CRC cell lines (C). One-way ANOVA ****p < 0.0001, ***p < 0.001 **p < 0.01, *p < 0.05.

an increase in phosphorylated H2AX as a DNA damage marker when
nucleophagy is induced. H2AX plays a vital role in DNA damage repair,
and, as previously, it was demonstrated that H2AX degradation occurring via
proteasomal pathway caused cells to become more sensitive to chemotherapy
due to inefficient DNA repair [14,15]. Therefore, to confirm DNA damage
in MLHI proficient HCT116 MLH1*~ and MLHI deficient HCT116
parental cells, we assessed the level of 5-FU-induced DNA damage by
measuring phosphorylation of H2AX. Our results show a considerable
increase in the expression of the phosphorylated H2AX in a dose-dependent
manner in MLHI proficient cells compared to the HCT116 deficient cells
(Figure 4A). Our immunofluorescence results also demonstrated a substantial
increase in the phosphorylated H2AX in MLHI proficient HCT116
MLH1"~ cells in a dose-dependent manner (Figure 4 A, B), indicating
that higher phosphorylation of H2AX might enhance the capability of cells
to survive via nucleophagy. The Sirtuin family of proteins is comprised of
nicotinamide adenine dinucleotide (NAD+)—dependent deacetylases that
regulate transcription within the cells. Among the sirtuin family, SIRT-1 is

the most extensively studied and expressed protein [16]. Recently, SIRT-1
has been shown to be crucial for the deacetylation of LC3 and subsequent
transport to the cytoplasm to initiate autophagosome formation. [17] Next,
we investigated whether the MLHI gene could influence the autophagy-
related protein LC3 and SIRT1 nucleocytoplasmic dynamics. We evaluated
autophagy activity by examining LC3-II in both cytoplasmic and nuclear
extracts using MLHI-deficient CRC cell lines, HCT116 parental cells, and
the isogenically matched MLHI-proficient, HCT116 MLH1%/~ cells. The
absence of cross-contamination between the fractions was confirmed using
GAPDH and PARP antibodies. Western blot results showed that 5-FU
related DNA damage induced the shuttling of LC3 and MLH1 proteins
to the cytoplasm in a dose-dependent manner. The data also show that
MLH1 and LC3 were mainly localized in the nucleus before 5-FU induced
DNA damage. The DNA damage-induced a gradual increase in MLH1 and
LC3 protein ratio in the cytoplasm, while nuclear MLH1 and LC3-II were
decreased. Furthermore, SIRT'1 was examined in subcellular fractions. In
contrast to MLH1 and LC3, SIRT1 was increased in both the nuclear and
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Figure 3. MLH] increases 5-FU induced Autophagy Flux. Autophagy flux was assessed by measuring LC3-II expression by western blotting in HCT116
MLH1%~ cells and HCT116 par (parental) cells after treatment with 5 uM and 10 pM of 5-FU for 24 h and 48 h. Graphs represent the quantification of
LC3-II expression in HCT116 MLH1*/~ cells and HCT116 par (parental) cells in a dose and time-dependent manner. One way ANOVA ****p < 0.0001,
*p < 0.001 **p < 0.01 (A). Expression of autophagy-related proteins Beclin, ATG16, ATG5 and ATG3 in HCT116 MLH1"~ cells and in HCT 116
par (parental) cells after treatment with 5 uM and 10 puM of 5-FU (B). Expression of LC3-II was measured in the MLH]I proficient SW480 cells and MLH1
deficient RKO cells after treatment with 5 pM and 10 pM of 5-FU (C). LC3-II expression was measured in MLH1 proficient HCT116 MLH1%/~ cells
after treatment with 5-FU and Chloroquine 50 pM (D). Autophagosome formation was detected by fluorescent staining of autophagic vacuoles in HCT116
MLH1%/~ cells compared to HCT116 par (parental) cells after treatment with 5 pM and 10 pM of 5-FU. Two-way ANOVA ***p < 0.001, *p < 0.05 (E).

cytoplasmic compartments after 5-FU induced DNA damage. On the other
hand, MLH1 deficient HCT116 parental cells failed to show an increase or
shuttling of LC3-II within the cellular compartments (Figure 4 C, D, and E).
These results suggest that MLH1 and SIRT'1 may directly interact to induce
nucleophagy.

MLH] is required for DNA damage-induced nucleophagy

Nuclear protrusions have been associated with the autophagy of nuclear
material [18]. Consequently, we visualized nuclear morphology using
confocal microscopy following induction of DNA damage by performing
DAPIT staining. As shown in Figure 5A, MLHI proficient cells HCT116
MLH1%" showed a significantly increased change in nuclear morphology
as indicated by increased nuclear protrusions (micronuclei), and DAPI
positive particles at 24 h and 48 h in comparison to the MLHI deficient
cells, the HCT116 parental cells in a dose-dependent manner (p<0.05)
(Figure 5B). These results suggested that MLH1 may favor DNA damage
to induce nucleophagy. A nuclear repair mechanism known as nucleophagy
has been shown to degrade DNA damaged areas of a nuclear component,

maintaining its integrity and function [19]. To understand the functional
role of MLH1 in regulation of 5-FU induced LC3 upregulation, we
knocked down the MLHI gene in MLHI-proficient HCT116 cells. Our
results showed that knockdown of MLH1I in proficient cells inhibited 5-FU
induced LC3 upregulation in western blot as well as in immunofluorescence
(Figure 5C and 5D right corner panel). To determine whether MLH1 is
involved in DNA damage-induced autophagy, MLH] proficient HCT116
MLH1%~ and MLHI deficient HCT116 parental cells were treated
with various doses of 5-FU and incubated with anti-LC3 antibody
(autophagosome marker) and DAPI (DNA marker). The presence of
autophagosome accumulation was detected using a confocal laser-scanning
microscope. More colocalization of autophagosomes (green) and micronuclei
DNA (blue) was observed in the MLHI proficient HCT116 MLH1+/~ cells
treated with 5-FU compared to MLHI deficient HCT116 parental cells
(p<0.05). On the other hand, in MLHI deficient HCT116 parental
cells, DNA damage did not show the formation of autophagosomes
and its fusion with lysosomes around the perinuclear sites. Additionally,
immunofluorescence analysis demonstrated that knockdown of MLHI in

HCT116 MLH1t~

cells decreased the formation of micronuclei and
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autophagosomes marked by LC3 (Figure 5C, D, E). These findings further
confirm the important functional role of MLH1 in DNA damage induced
nucleophagy.

As autophagy progresses, autophagosomes begin fusion with lysosomes,
leading to autolysosome formation. To visualize autolysosome colocalization
with micronuclei, we transfected cells with EGFP-LC3 (green) and incubated
them with LysoTracker (red). We observed that 5-FU treatment induced
LC3-GFP to be primarily present at the perinuclear site of MLH1 proficient
cells in a dose or time-dependent manner. At the same time, lysosomes
marked by LysoTracker red, migrated towards the perinuclear region,
where most began to fuse with autophagosomes to form autolysosomes.
Interestingly, a strong DAPI signal could be found in these particles,
suggesting DNA material was encapsulated within the autophagosomes
(Figure 5F). To test whether micronuclei fused with autolysosomes contained
damaged DNA, we transfected MLHI proficient HCT116 MLH1*/~
cells with EGFP-LC3 and treated them with 5-FU following incubation
with an anti-H2AX antibody. The presence of colocalized H2AX-positive
micronuclei with autophagosomes was detected with confocal laser scanning
microscopes (Figure 5G).

MLH1 and LC3 interplay influences nucleophagy substrate protein
Lamin A/IC

Next, we sought to determine whether DNA damage may lead to
MLHI1 and LC3 interplay. To investigate the molecular interaction between
MLH1 and LC3, we examined MLH1 and LC3 colocalization with the
micronuclei following the 5-FU induced DNA damage. Briefly, EGFP-LC3
was transfected in MLHI proficient HCT116 MLH1%/~ cells. Following
the 5-FU induced DNA damage, the cells were stained with an anti-MLH1
antibody. Figure 6A shows DNA damage-induced the translocation of MLH1
to the cytoplasm in a dose-dependent manner. Notably, MLH1 and LC3
partially colocalized near the perinuclear site. As this immunofluorescence
and previous western blotting results indicated that MLH1 influences LC3

after 5-FU treatment, we further confirmed MLH1 and LC3 interaction
by using immunoprecipitation assays. Interestingly we found MLH1 pull
down caused LC3 to be co-immunoprecipitated. As shown in the Figure 6B
co-immunoprecipitation assay provided evidence for molecular interaction
between MLH1 and LC3, this interaction was further increased upon 5-FU
treatment.

Nuclear lamina plays a crucial role in maintaining the structural integrity
of the nuclear envelope [20]. A recent study demonstrated that Lamin A/Cisa
nucleophagy substrate in response to DNA damage. In addition, nucleophagy
was responsible for the degradation of Lamin A/C and the release of nuclear
DNA [13]. To determine whether DNA damage altered the levels of Lamins,
we tested the changes of Lamin A/C in nuclear extract, and whole cell lysate
of 5-FU treated MLHI proficient HCT116 MLH1+/~ cells.

In response to 5-FU treatment, we observed a dose-dependent decrease
of Lamin A/C content in MLHI proficient HCT116 MLH1%/~ cell in
the nuclear fraction. However, no alterations in Lamin A/C levels were
found in whole-cell extracts, suggesting nucleophagy mediated Lamin A/C
degradation (Figure 6C). Next, we studied whether autophagosomes and
Lamin A/C colocalize with DNA after 5-FU treatment. We examined
colocalization of LC3, Lamin A/C, and DNA (DAPI staining) in MLHI
proficient HCT116 MLH1%/~ cells using confocal microscopy. Figure 6D
shows that Lamin A/C colocalizes with LC3 and DNA after 5-FU treatment
suggesting activation of nucleophagy. Taken together, these findings indicate
that DNA damage induces LC3-MLH1 interaction and leads to nucleophagy
induction. The activated LC3-MLH1-LaminA/C complex results in the
degradation of damaged nuclear components for energy, maintenance of
nuclear homeostasis, and survival.

Discussion
In CRC, deficiency in the DNA MMR pathway proteins, such as MLH1,

MSH2, and MSHG, leads to microsatellite errors resulting in hypermutated
MSI tumors, which differ from MSS cancers based on their mutation
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profiles. Much controversy surrounds the association of MSI with the 5-FU
chemotherapy response in patients with CRC. Several studies reported that
patients with MMR-D CRC have better survival rates than those with MMR-
P [3,4]. Since MSI can result from mutations in one or more of the MMR
genes, this study aims to determine the role of MLH1 in anticancer drug
resistance and CRC tumorigenesis.

In this study, we demonstrated that MLH1 promotes cell homeostasis
by upregulating autophagy-related proteins LC3 and stress marker SIRT1
in response to 5FU-induced cytotoxic effects through its interaction
with LC3 and subsequent degradation of leaked nuclear content (see
Graphical Abstract). Autophagy is a critical catabolic pathway for degrading
cellular material [21]. The degradation of nuclear components through the
autophagic pathway is called nucleophagy [19]. Recent studies suggested that
LC3, stored in the nucleus, plays an essential role in the degradation of
damaged nuclear material [22]. However, the exact mechanism remains to
be determined. Considered a tumor suppressor, the MLHI gene has been
related to CRC aggressiveness, indicating its contextual role [23,24]. Using
an isogenically matched MLHI gene CRISPR-Cas9 knock-in cell line, we
showed a novel role of the MLHI in causing DNA damage-dependent
induction of autophagy in nuclear components. Our western blotting analysis
confirmed that DNA damage, measured by H2AX, increases the level of LC3
in MLHI proficient cells. Furthermore, confocal microscopy demonstrated
that LC3 and MLHI1 colocalized preceding the DNA damage.

The role of DNA repair protein MLH1 is diverse. Apart from its central
role in mismatch repair, it is involved in multiple cellular processes like
apoptosis and cell cycle progression [7]. In the present study, we focused
on MLHI1 and nuclear autophagy and found a clear correlation between
MLHI and the autophagy marker LC3 protein in the nucleus of CRC
cells. We observed that MLH1 leads to hyposensitivity to DNA damage-
inducing agents by regulating LC3 expression. We observed that MLH1
upregulates LC3, Beclin, ATG 16, ATG5 and ATG3 and thus reduces the
DNA damage effect expected by chemotherapeutic agents. The autophagy
protein LC3 plays an essential role in the mechanism of autophagy. The
LC3 protein is the key marker of the autophagy pathway, leading to both
cargo selection and autophagosome formation in the cytoplasm [25]. In
this study, we demonstrated that LC3 localization was correlated with the
expression of MLHI1 in the cells and that LC3 -II levels were dependent on
MLH]1 expression. For further confirmation of functional role of MLH1 in
nucelophagy was achieved by knockdown of MLHI gene, which inhibited
DNA damage induced increase. LC3 levels and attenuated the formation
of micronuclei, autophagosomes, and their colocalization. Finally, by using
immunoprecipitation analysis, for the first time, we found that DNA damage
promoted physical interaction of MLHI1 with LC3. Altogether our data
demonstrated DNA damage may promote interaction of MLHI and LC3
resulting in induction nucleophagy which may result in recycling of damaged
DNA.

Recent studies have shown that SIRT1 is necessary for the deacetylation
of LC3 and autophagy activation [17]. Previously, SIRT1 was found to
induce autophagy and protected cardiomyocytes from undergoing apoptosis
[26]. We further investigated the mechanistic link between MLH1 and
autophagy by determining the SIRT1 protein levels and demonstrated
that MLH1 dependent SIRT1 upregulation followed the DNA damage
induction. Previous studies also showed that nuclear LC3 plays a significant
function in degrading damaged nuclei and nuclear components [22].
Our data demonstrated that MLHI1 contributed to the formation of
DNA damage-induced micronuclei that were surrounded by abundant
autophagosomes and autolysosomes.

The evidence for the involvement of nuclear Lamin proteins in
nucleophagy has been increasing. A previous study indicated that autophagy
proteins interact directly with the nuclear Lamin protein, Lamin B1 [27].
Another study reported that mutations in Lamin A/C increase nuclear
DNA leakage in response to DNA damage, suggesting that Lamin defects

might trigger autophagy to destroy damaged nuclear DNA [13]. In this
study, we demonstrated that DNA damage promotes interaction between
Lamin A/C and LC3 molecules. This interaction reduces Lamin A/C
levels in the nucleus of cells proficient in MLH1 expression. Furthermore,
using the isogenic MLHI CRISPR-Cas9 knock-in HCT116 cell line, we
showed that the MLH1-dependent nucleophagy induction might contribute
to the acquisition of DNA damage-inducing therapy-resistant phenotype.
We further showed that the autophagy activation in the CRC cells was
through MLH1/SIRT1/LC3 axis. To our knowledge, this is the first study
to demonstrate that the DNA damage induces a cytoprotective molecular
interaction between MLH1/SIRT1 and LC3 in CRC cells.

In conclusion, our results support the MLH1-dependent model of DNA
damage-induced nucleophagy in CRC to overcome the cytotoxic stress by
recycling the damaged nuclear components for cellular homeostasis and
survival of the cancer cells. Therefore, we suggest that MLH1 mediates
the LC3 and SIRT1 overexpression in these cancer cells. Consequently, the
MLHI1/SIRT1/LC3 axis may represent a potential and novel therapeutic
target in CRC to overcome anticancer drug resistance.
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