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TATDN2 resolution of R-loops is required for survival of
BRCA1-mutant cancer cells

Aruna S. Jaiswal, Arijit Dutta?, Gayathri Srinivasan’, Yaxia Yuan?, Daohong Zhou?,
Montaser Shaheen’, Doraid T. Sadideen’, Austin Kirby’, Elizabeth A. Williamson',

Yogesh K. Gupta ©2, Shaun K. Olsen?, Mingjiang Xu3, Eva Loranc*, Pramiti Mukhopadhyay?,
Alexander Pertsemlidis ®4, Alexander J.R. Bishop @4, Patrick Sung?, Jac A. Nickoloff ©5* and
Robert Hromas ©@1-*

"Department of Medicine and the Mays Cancer Center, the University of Texas Health Science Center San Antonio, San Antonio, TX 78229,
USA

2Department of Biochemistry and Structural Biology and the Greehey Children’s Cancer Research Institute, the University of Texas Health
Science Center San Antonio, San Antonio, TX 78229, USA

3Department of Molecular Medicine and the Mays Cancer Center, the University of Texas Health Science Center San Antonio, San Antonio,
TX 78229, USA

*Department of Cell Systems and Anatomy and the Greehey Children’s Cancer Research Institute, the University of Texas Health Science
Center San Antonio, San Antonio, TX 78229, USA

5Department of Environmental and Radiological Health Sciences, College of Veterinary Medicine and Biomedical Sciences, Colorado State
University, Fort Collins, CO 80523, USA

"To whom correspondence should be addressed. Tel: +1 210 567 4432; Email: hromas@uthscsa.edu

Correspondence may also be addressed to Jac A. Nickoloff. Tel: +1 970 491 6674; Email: J.Nickoloff@colostate.edu

Abstract

BRCA1-deficient cells have increased IRE1 RNase, which degrades multiple microRNAs. Reconstituting expression of one of these, miR-4638-
bp, resulted in synthetic lethality in BRCAT-deficient cancer cells. We found that miR-4638-5p represses expression of TATDN2, a poorly char
acterized member of the TATD nuclease family. We discovered that human TATDN2 has RNA 3’ exonuclease and endonuclease activity on
double-stranded hairpin RNA structures. Given the cleavage of hairpin RNA by TATDN2, and that BRCA1-deficient cells have difficulty resolving
R-loops, we tested whether TATDN2 could resolve R-loops. Using in vitro biochemical reconstitution assays, we found TATDN2 bound to R-loops
and degraded the RNA strand but not DNA of multiple forms of R-loops in vitro in a Mg?*-dependent manner. Mutations in amino acids E593
and E705 predicted by Alphafold-2 to chelate an essential Mg?* cation completely abrogated this R-loop resolution activity. Depleting TATDN2
increased cellular R-loops, DNA damage and chromosomal instability. Loss of TATDN2 resulted in poor replication fork progression in the pres-
ence of increased R-loops. Significantly, we found that TATDNZ2 is essential for survival of BRCA1-deficient cancer cells, but much less so for
cognate BRCA1-repleted cancer cells. Thus, we propose that TATDNZ is a novel target for therapy of BRCA1-deficient cancers.
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Introduction

The TATD nuclease family is highly conserved from bacteria
to humans. There is one member in bacteria, TatD and three in
humans, TATDN1 is most homologous to TatD, and TATDN2
and TATDN3 (1-4). Human TATDN2 is unique in that it has
a large, disordered amino-terminal region that the other mem-
bers lack, and it has differences in the nuclease domain (4-6).
Bacterial TatD and human TATDN1 and 3 tertiary structures
has been resolved by X-ray crystallography (4) and supports
their Alphafold-2 predicted nuclease domain (1-7). Biochem-
ical characterization of bacterial TatD found that it is a Mg?*-
dependent 3’ exonuclease preferring single-stranded (SS) RNA
and DNA (2). Yeast and trypanosome TatD were found to
mediate some of the genomic DNA cleavage seen after apop-
tosis (8,9). Bacterial and malarial TatD contribute to the vir-
ulence of infections with these organisms (10,11). Zebrafish
TATDNI1 cleaved supercoiled plasmid and kinetoplast cate-
nated DNA to relaxed open circle and linear DNA (12). De-
pletion of TATDNT1 in embryonic zebrafish leads to delays in
cell cycle progression and abnormal chromosomal segregation
(12). However, there has been less work on the function of the
three human members of the family than in lower organisms.
Integrating the diverse activities of TatD in lower organisms
into a unified functional hypothesis for the entire family in
higher organisms has not yet been accomplished.

R-loops form when RNA binds to a complementary DNA
strand, displacing the opposing DNA strand, creating a sta-
ble double-stranded (DS) DNA bubble with an intercalated
complementary RNA strand. This common triple-stranded
structure occurs most often during transcription (13-15). R-
loops have generated intense interest recently due to their
contribution to chromosomal instability and resultant onco-
genesis (15-17). R-loops are conserved from single cell or-
ganisms through humans and have multiple functions in
normal nucleic acid metabolism. For example, R-loops can
serve as a primer for initiating mitochondrial DNA replica-
tion (18,19). R-loops also promote class switch recombina-
tion of immunoglobulin heavy chains during B-cell matura-
tion (20,21). Additionally, an alternative form of homology-
directed DNA double-strand break (DSB) repair uses an RNA
strand to bridge the DSB, forming an R-loop structure (22).
In this context, these R-loop structures form adjacent to lo-
cally transcribed regions, and they recruit RADS2 to initiate
homology-directed repair (23).

R-loops also play key roles in chromatin remodeling and
subsequent gene expression (24,25). R-loops are enriched at
gene promoters and 3’ transcription termination sites, and
are associated with splicing, enhancers and super enhancers
at topologically associating domain boundaries (14-17,24—
28). R-loops may regulate epigenetic histone modifications
(27,28), but since nucleosomes cannot form around R-loops,
such chromatin regulation would be indirect, via recruitment
of other mediators (15,29,30). Perhaps the most important
and well characterized normal function of R-loops is the re-
laxation of topological stress caused by replication or tran-
scription (31-33). Several studies have shown that negative
supercoiling from DNA unwinding promotes R-loop forma-
tion which decreases the tense, high energy state of supercoiled
DNA (34-37). Consistent with this, TOP1 and 2 deficiencies
promote R-loop formation and topoisomerases are important
in resolving R-loops (34-37).
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However, it has been increasingly recognized that R-loops
can have multiple pathological consequences as well. R-loops
can lead to DSBs and chromosomal instability via multiple
mechanisms (38-44). One commonly proposed mechanism
for this is when a replication fork collides head on with an
R-loop, and that fork stalls. The stalled fork is then cleaved or
reverses to a chicken-foot structure, to generate a free DS end
in an intermediate step towards repair and restart. However,
these free DS ends can lead to fusion of two such stalled forks,
resulting in chromosomal translocations (14-17,40-45). An-
other potential mechanism for DNA damage from R-loops is
via DNA endonuclease cleavage of the opposing single strand
(SS) DNA of the R-loop (16,40). For example, transcription-
coupled repair nucleases can nick the opposing DNA SS, re-
sulting in DSB formation when a replication fork collides with
that nick. This can also lead to fusion of two such DSBs, again
leading to chromosomal translocations (38,41-45). The fu-
sions of DSB sites at unresolved R-loops may be a more com-
mon pathway to oncogenic chromosomal instability than pre-
viously appreciated (14-17,39-45).

The findings that mutations in several R-loop resolution
components lead to life-threatening diseases also demon-
strates that R-loop resolution is physiologically important
for human health (14-17,46-55). For example, mutations
in senataxin, a helicase that unwinds R-loops for resolution
can cause oculomotor apraxia type 2 or amyotrophic lat-
eral sclerosis type 4 (46-48). Mutations in the Fanconi ane-
mia genes FANCA, FANCD2 and FANCM increase patho-
logic R-loop formation (49-52). BRCA1 plays a key role in
resolving R-loops, and mutations in BRCA1 lead to breast
and ovarian cancer (53-55). BRCA1 recruits the senataxin to
R-loops, thereby preventing DNA DSB breaks and genomic
instability (56). Thus, BRCA1-deficient cancer cells have in-
creased R-loops and are sensitive to any further decrease in
R-loop resolution (53-56). This implies that R-loops repre-
sent a potential target for synthetically lethal therapies in these
cancers.

Multiple pathways have evolved to resolve R-loops, and
these pathways overlap by sharing components. A key demon-
stration of this principle is BRCA1 and senataxin, whose RNA
unwinding activity may be common to each resolution path-
way (47,48,56). While it is likely that these R-loop resolution
pathways have evolved to address specific types or locations
of R-loops, the functional difference between pathways is not
clear (14-17). An initial step in some R-loop resolution path-
ways may be unwinding of the annealed RNA from the DNA
bubble, and there are multiple helicases that can accomplish
this besides senataxin, including PIF1 DNA helicase (57) and
DHX9/RNA helicase A, the latter of which is recruited to R-
loops by TDRD3 (58,59).

There are also multiple types of RNases that can metab-
olize the annealed RNA strand of the R-loop, with or with-
out RNA unwinding (14-17,58,59). For example, the most
common R-loop resolution pathway centers on the ubiqui-
tously expressed RNaseH1, which may be recruited to R-
loops by RPA (60-63). The related RNaseH2 resolves R-
loops only during G2/M, demonstrating strict cell cycle reg-
ulation, while RNaseH1 is active during the entire cell cycle
(61). Interestingly, mutations in RNaseH2 cause the neuro-
logic Aicardi-Goutiéres syndrome (62) while germline muta-
tions in RNaseH1 are likely embryonic lethal (60). Another
RNase R-loop resolution pathway centers on the yeast THO
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and THSC complexes, which utilize RNA helicases for un-
winding RNA:DNA duplexes in R-loops (14-17,64,65).

Interestingly, the unwinding and RNA degradation steps in
R-loop resolution may be linked or these steps may resolve
R-loops independently, although the circumstances defining
linkage versus independence of these functions is not clear
(14-17). Nonetheless, the multitude of overlapping compo-
nents and pathways implies that resolving pathologic R-loops
is of paramount importance to the cell (14-17). Thus, when
R-loops are pathologically increased, such as with BRCA1-
deficient cancers, the cell must marshal every resource at its
disposal to survive (53-56).

MicroRNAs (miRs) are small RNAs with duplex stem-loop
structures that regulate gene expression by binding to specific
mRNAs to either mediate their degradation or to repress their
translation (66,67). R-loops can regulate miR genomic loci
transcription and promote the assembly of miR maturation
complexes (68). There are several reports of miRs regulating
expression of DNA repair factors (69,70), but little is known
about whether specific miRs regulate R-loop resolution. In ad-
dition, while the generation of miRs is well defined, the reg-
ulation of their repression is less so. One mediator of repres-
sion of miRs is the unfolded protein response RNase, IRE1
known to promote digestion of tumor suppressor miRs in can-
cer (71,72). We previously reported that BRCA1 ubiquitinates
IRE1, normally targeting it to the proteasome for degradation,
and that in BRCA1-deficient cancers, IRE1 is markedly over-
expressed (71).

In this study, we found that the constitutive over-expression
of the RNase IRE1 in BRCA1-deficient cancer cells led to the
repression of multiple miRs (71,72). Reconstituting the ex-
pression of one of these miRs, miR-4638-5p caused cell death
in multiple types of BRCA1-deficient cells, but much less so in
cognate BRCA1-repleted cells. Using an informatics search of
mRNA 3" UTRs we found that miR-4638-5p binds to sev-
eral sites in the 3’ UTR of TATDN2 and represses its ex-
pression. We then demonstrated that TATDN2 is a structure-
specific RNase that degrades the annealed SS RNA but not
the bubble DNA in an R-loop. Depleting TATDN2 results
in cellular R-loop accumulation, slowed replication and in-
creased DNA damage and chromosomal instability in can-
cer cells with BRCA1-deficiency. These results suggest that
BRCA1-deficient cells require TATDN2 for R-loop resolu-
tion, but wild type BRCA1-repleted daughter cells much less
s0. Thus, targeting TATDN2, perhaps by using miR-4638-5p
could provide a therapeutic window to treat BRCA1-deficient
tumors.

Materials and methods

Cell culture, transfection and survival assays

TATDN2,IRE1 and BRCA1 were selectively depleted by tran-
sient transfection of small interfering RNA (siRNA) using
Lipofectamine RNAIMAX reagent (ThermoFisher, Waltham,
MA). SMARTpool ON-TARGETplus, scrambled siRNA con-
trol (D-001810-10-20), TATDN2 SiRNA (L-020966-01-
0005), TIRE1 (L-004951-02-0005) and BRCA1 siRNA (L-
003461-00-0005), were purchased from Horizon Discovery
RNAi Technologies (Lafayette, CO). Two custom TATDN2
siRNAs AAGCACAACUGGAGCAGCA (NM_014760.4, nu-
cleotides 25-43) and GAGGAAGCCUGCAGCCUUA (394-

412) were also constructed by Horizon Discovery to ensure
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specificity of TATDN2 protein depletion and to overcome re-
sistance of the HCC1937 BRCA1-mutant cells to the original
TATDN?2 siRNAs. All cell lines were obtained from the ATCC
except the MDA-MB-436 and HCC1937 BRCA1-deficient
and WT repleted cells, which were a gift from Dr. Junjie Chen
(University of Texas MD Anderson Cancer Center, Houston,
TX) and cultured per their specifications.

Briefly, the day prior to transfection, cancer cells (BRCA1-
deficient MDA-MB-436 and its WT BRCA1 repleted
derivative, BRCA1-deficient HCC1937, BRCA1-deficient
UWB1.289 and BRCA1 WT MCF7 cells) were seeded at a
density of 1.4 x 10° cells per well in a 6 well plate (73-77).
Transfection reagents were prepared by slowly combining 6 pl
of RNAIMAX/250 ul Opti-MEM (ThermoFisher Scientific)
with 50 nM of siRNA/250 ul Opti-MEM at room tempera-
ture (RT) for 20 min before adding to cells. Between 4 h and 6
h after transfection, 0.5 ml of fresh medium containing 30%
FBS was added to each well for all cell types. The DNA:lipid
complex was removed 24 h post-transfection and replaced
with complete growth medium. Cells were harvested 2 days
post-transfection for colony formation (survival) assays,
western analysis, immunofluorescence, or other assays. All
experiments were performed at least three times in triplicate
(n > 9). Clonal survival was determined by seeding trans-
fected cells (MDA-MB-436 BRCA1~/~ or repleted BRCA1*,
800 cells; others, 1000 cells) per well in 6-well plates (71,73—
77). Cells were incubated for 10-14 days, rinsed with PBS,
fixed with 1% formaldehyde for 10 min and stained with
0.1% (w/v) crystal violet in methanol before colonies were
counted. Colonies with >50 cells were counted as a surviving
clone.

Western blot analysis

Protein expression of total TATDN2 was monitored by stan-
dard western blotting as we described (73-81). TATDN2 and
B-actin antibodies were purchased from Millipore Sigma (St.
Louis, MO; 05-636 and A2228, respectively). IRE1 antibody
was purchased from Cell Signaling Technology (Danvers,
MA; 3294) and IRE1-phospho S724 antibody was purchased
from Abcam (Boston, MA; ab124945). Recombinant mono-
clonal §9.6 antibody was purchased from Absolute Antibody
(Boston, MA, USA; ab01137-23.0), and 6X His-antibody
was purchased from Bethyl Laboratories (Montgomery, TX).
Secondary antibodies used for enhanced chemiluminescence
(ECL) detection were rabbit IgG, HRP-linked Whole Ab
(NA934-1ML) and HRP-conjugated mouse secondary anti-
body (Fisher Scientific, Pittsburgh, PA, NA931-1ML). Super-
Signal West Pico Chemiluminescent Substrate was purchased
from Fisher Scientific (34578) and Prometheus ProSignal
ECL film (30-810L) was purchased from Genesee Scientific
(El Cajon, CA).

MicroRNA quantitation assay

MiR-4638-5p was quantified using quantitative reverse tran-
scriptase PCR as we previously reported (77). Global miR ex-
pression changes after IRE1 depletion was performed using
microarray technology by LC Sciences (Houston, TX) on trip-
licate test (48 hours after transfection of siRNA against IRE1
in MDA-MB-436 BRCA1-mutant cells) and triplicate control
cell samples (48 hours after transfection of scrambled siRNA).
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SiRNAs used are listed above and transient transfection was
carried out as described above.

Confocal immunofluorescent microscopy for DNA
damage foci

Confocal microscopic immunofluorescence foci assays were
performed as we previously described with minor modifica-
tions (73,74,76-78). In brief, MDA-MB-436, its WT BRCA1-
repleted derivative, or MCF7 cells were cultured on coverslips
followed by siRNA transfection. Cells were treated with the
non-DNA damaging TOP2A inhibitor ICRF-193 (3 puM) for
10 h to induce mitotic stress from failed decatenation, and
then fixed with either 4% formaldehyde for 10 min at am-
bient temperature or ice cold methanol at 4°C for 10 min
(for R loop detection), rinsed three times with PBS and per-
meabilized with 0.1% Triton-X for 5 min at 4°C before in-
cubation with y-H2AX antibodies (Millipore Sigma, 05-636,
dilution 1:200, St. Louis, MO), phospho-54/S8 RPA32 an-
tibody (Bethyl Laboratories, A300-245A), tubulin antibody
(Abcam, ab64503), or recombinant monoclonal $9.6 anti-
body at 4°C overnight. The cells were then washed with
PBS multiple times. Secondary antibodies (goat anti-mouse
IgG, Alexa Fluor® 568 conjugate, A11004, dilution 1:400)
(ThermoFisher Scientific, Carlsbad, CA) were added to the
cells at ambient temperature and protected from light for 1 h.
After washing thrice with PBS, coverslips were mounted in an
anti-fade solution containing 4',6-diamidino-2-phenylindole
(DAPI). Samples were analyzed using either a Zeiss fluores-
cence microscope (LSM710, Carl Zeiss Microscopy, Thorn-
wood, NY) or a Leica TCS SP5 confocal scanning microscope
(Leica Microsystems, Exton, PA). Immunofluorescence images
were captured with a Hamamatsu ORCA-ER digital camera
(Hamamatsu Photonics K.K, Bridgewater, NJ) and processed
by Zeiss Axiovision Release 4.6 software. Confocal images
were processed with Leica LAS AF imaging software. Cells
with > 5 foci were scored as positive. Photomicrographs of
distinct cell populations were taken at equal magnifications
and equal fluorescence intensities. To assess nuclear struc-
tural abnormalities (retained micronuclei and post-mitotic
bridging), MDA-MB-436 BRCA1-deficient cells, with or with-
out TATDN2 depletion, were fixed as described above and
stained with 300 nM DAPI (Beckman) in PBS for 5 min. Af-
ter washing with PBS, coverslips were mounted in anti-fade
solution and analyzed using confocal microscopy. Each con-
focal immunofluorescence assay was performed at least three
times.

Mitotic arrest assays

ICRF-193 is a catalytic inhibitor of TOP2A that causes mitotic
arrest due to entangled chromosomes from failed decatena-
tion but not from DNA damage. Immunofluorescence of tubu-
lin condensation into a mitotic spindle and 4’-6-diamidino-
2-phenylindole (DAPI)-stained chromosome alignment in a
metaphase plate was measured as we described (77,81). In-
terphase and metaphase-arrested cells were counted using im-
munofluorescence microscopy using a Zeiss confocal fluores-
cence microscope with a 63x objective equipped with laser
and filter settings for DAPI, FITC and Texas Red. Increased
mitotic cells after ICRF-193 exposure reflects mitotic decate-
nation arrest. Each experiment was performed in triplicate,
with >100 cells counted per condition.
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Analysis of post-mitotic chromosomal segregation
defects

We assessed chromosomal structural abnormalities (post-
mitotic retained chromosomes seen as micronuclei and shared
chromosomes seen as chromosome bridging) were scored us-
ing confocal immunofluorescent microscopy as we previously
described (74,77). Control or treated cells were grown on
coverslips and fixed as described above, and stained with
300 nM DAPI (Beckman) in PBS for 5 min. After washing
thrice with PBS, coverslips were mounted in anti-fade solu-
tion and analyzed within 24 h on a Zeiss fluorescence micro-
scope (Axiovert 200 M). Each immunofluorescence assay was
performed at least 3 times, each with triplicate slides.

DNA fiber analysis of replication fork progression
and restart

DNA fiber analysis for measuring stalled replication fork re-
pair and restart was performed as we previously described
(71,73,74,76,77,80). Briefly, 6 x 105 MDA-MB-436 cells were
incubated overnight at 37°C in 6-well plates, then treated
with 100 mM chloro-deoxyuridine (CldU) and 100 nM ARV-
825 to increase R-loops (82) or vehicle control for 6 h at
37°C. The CIdU/ARV-825 medium was removed, cells were
washed in fresh medium, and then treated with 20 mM Iodo-
deoxyuridine (IdU) for 1 h at 37°C. Cells were harvested and
resuspended in PBS at 2 x 10° cells/ml and agarose plugs
were made for DNA fiber analysis.Cells were mixed with a
low melting agarose to make agarose plugs. Agarose plugs
were chilled at 4°C for 30 min to solidify the agarose. Each
plug was mixed with 200 ul 0.5 M EDTA, 25 ul sarko-
syl, and 50 pl proteinase K and incubated at 50°C for 18
h. Plugs were washed three times with TE buffer (10 mM
Tris=HCI, pH 8, 1 mM EDTA) at RT and placed in a reser-
voir containing 1 ml of MES buffer (pH 5.5). Reservoirs con-
taining agarose plugs were incubated at 65°C for 30 min to
melt agarose. The melted agarose was digested with 2 ul of
agarase (New England Biolabs) at 42°C for 14-18 h. After
digestion with agarase, these reservoirs were stored at 4°C
for 2-3 days before processing for DNA fibers. DNA fibers
were processed on slides (GenomicVision) using the Fiber-
Comb molecular combing system (Genomic Vision) to en-
sure uniform DNA combing. The newly synthesized CldU
and IdU tracks were labeled (for 2.5 h in the dark, at RT)
and detected with antibodies recognizing CldU and IdU, fol-
lowed by 1h incubation with secondary antibodies at RT in
the dark. Slides were mounted in PermaFluor aqueous self-
sealing mounting medium (ThermoFisher Scientific), and im-
ages of DNA fibers were captured with a confocal Olympus
FV1000D scanning microscope (Olympus America Inc., Cen-
ter Valley, PA). DNA fiber images were analyzed using Image]
software (https://imagej.net/ij/index.html). At least 200 fibers
were quantified for each experiment.

TATDNZ2 protein purification

WT and mutant versions of TATDN2 were purified from
HEK-293T cells stably expressing histidine-tagged TATDN2
as we described (75,76,79,80) with modifications as described
here. Three mutants of TATDN2 were generated, ES93A,
E705A and D707A as we described (80). 6X His-tagged
TATDN2 was detected in cell extracts by Western blotting
using anti-6X His and anti-TATDN2 antibodies. Cells over-
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expressing WT or mutant TATDN2 were suspended in 20 ml
of ice cold Buffer A (50 mM Tris—HCI, pH 7.5, 5§ mM DTT,
0.5 M NaCl, 1 mM MgCl,, 0.4% nonidet-P40, 10% glycerol,
1 mM EDTA, 1 mM PMSF and 20 mM Imidazol) for lysis,
and then centrifuged at 100 000 x g for 30 min. Supernatants
were filtered through Whatman paper and incubated at 4°C
for 60 min with nickel-NTA affinity gel pre-equilibrated with
Buffer B (25 mM Tris—HCI, pH 7.5, 0.5 M NaCl, 5% glyc-
erol, and 20 mM Imidazol). The beads were then washed 10
column volumes with Buffer B containing 2 M NaCl prior to
protein elution. TATDN2 wild-type protein was eluted with
buffer C (25 mM Tris-HCI, pH 7.5, 0.5 M NaCl, 5% glyc-
erol, and 150 mM Imidazol). Fractions containing TATDN2
were pooled and dialyzed to remove NaCl and imidazole. The
dialysis buffer D was composed of 25 mM Tris pH 7.5, 50
mM NaCl, 10% glycerol and 1 mM DTT. The eluted protein
was further diluted in dialysis buffer and then loaded onto
a heparin-Sepharose 6 column (Cytiva, Marlborough, MA)
pre-equilibrated with buffer F (25 mM Tris, 50 mM NaCl,
5% glycerol, 0.2 mM TCEP pH 7.9) in order to isolate it
from the protein chaperone HSP70, which co-eluted with hu-
man TATDN2 from the nickel-NTA beads. After washing the
column, TATDN2 protein was fractionated using high pres-
sure liquid chromatography in a linear salt gradient (0-2 M
NaCl) in buffer D. The eluted protein was characterized by
Coomassie staining and western blot analysis followed by
dialysis against the above dialysis buffer and stored at —80°C.

Single cell DNA electrophoresis (alkaline comet)
assay

Alkaline single cell electrophoresis assays for DNA dam-
age and repair were performed using the Comet Assay kit
(Trevigen, Gaithersburg, MD, USA) as we described (74,76).
Briefly, MDA-MB-436 cells were transfected with siRNA-
Scr (Scrambled) control siRNA or siRNA-TATDN2 as de-
scribed above. Twenty-four hours later, cells were protected
from light, trypsinized, counted and adjusted to 1 x 10°
cells/ml in PBS. Approximately 2000 cells were premixed with
molten agarose and seeded into each well on a Comet slide.
Slides were subjected to electrophoresis in the dark. After
electrophoresis slides were processed, DNA was stained with
SYBR green dye and images were captured using a fluores-
cence microscope (Zeiss Axiovert 200M, Thornwood, NY) at
10X magnification. Tail length was calculated using Image]
software with the OpenComet plug-in.

Kinetoplast DNA decatenation assay

Purified recombinant TATDN2 and its mutant proteins were
tested for the decatenation activity using kinetoplast catenated
DNA (kDNA) relaxation assay as we described (81). Puri-
fied recombinant Topollx and catenated kDNA were used as
a positive control, based on the manufacturer’s instructions
(Topogen, Buena Vista, CO). Increasing amounts of purified
TATDN2 were incubated with kDNA in the manufacturer’s
buffer for 1 h at 37°C. KDNA nicking was visualized on 1%
agarose gel electrophoresis in ethidium bromide and quanti-
fied by densitometry using Image] software (81).

R-loop resolution assays

R-loop resolution assays were performed as we described (83)
using these oligonucleotides:
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D1 CATTGCATATTTAAAACATGTTGGATCCCACGTT
GCATGCTGATAGCCTACTAGAGCTGTATGAATTC
AAATGACCTCTTATCAAGTGAC
Cy5-CATTGCATATTTAAAACATGTTGGATCCCA
CGTTGCATGCTGATAGCCTACTAGAGCTGTATGA
ATTCAAATGACCTCTTATCAAGTGAC
D2 GTCACTTGATAAGAGGTCATTTGAATTCATGGCT
TAGAGCTTAATTGCTGAATCTGGTGCTGGGAT
CCAACATGTTTTAAATATGCAATG

Cys-D1

D3 GCACCAGATTCAGCAATTAAGCTCTAAGCC

R1 GUGCUACGAUGCUAGUCGUAGCUCGGGAGUGC
ACCAGAUUCAGCAAUUAAGCUCUAAGCC

R2 GCACCAGAUUCAGCAAUUAAGCUCUAAGCCGC
UGACGGCUCGAUGCUGAUCGUAGCAUCG

R3 GCACCAGAUUCAGCAAUUAAGCUCUAAGCC

The relevant oligomer was labeled with y-32P-ATP (6000
Ci/mmol, 10 uCi/ul, 2 pl) using T4 polynucleotide kinase
(20 U) in 50 mM Tris-HCI pH 7.5, 10 mM MgCl, and 5
mM DTT in 20 pl total volume at 37°C for 1 h, then samples
were purified using a micro-Biospin 6 column. To generate
an R-loop with a 5-RNA overhang, D1 + D2 + R1 were an-
nealed, with R1 labeled. To generate an R-loop with a 3-RNA
overhang, D1 + D2 + R2 were annealed, with R2 labeled. To
generate an R-loop with no RNA overhang, D1 + D2 + R3
were annealed, with R3 labeled. To generate an RNA:DNA
hybrid, D3 + R3 were annealed, with R3 labeled. To gener-
ate a D-loop, D1 + D2 + D3 were annealed, with D3 labeled.
Oligonucleotides (1 pmole each) were annealed in 10 mM
Tris-HCI pH 7.5, 50 mM NaCl in 20 pl total volume by heat-
ing to 95°C for 10 min in a PCR machine, and then gradually
decreasing the temperature to 10°C by 1°C/min. Annealed
oligonucleotides were checked for proper annealing by load-
ing 5 fmol of annealed products on a native 10% polyacry-
lamide gel with 1 x TAE at 100 V for 60 min. Correct anneal-
ing of oligonucleotides was verified based on differences in
electrophoretic mobility of single, duplex and triplex oligonu-
cleotides. The DNA bubble structure was generated by an-
nealing Cy5-D1 + D2, and the annealing verified by mobility
shift by running next to Cy5-D1 in 10% TAE-polyacrylamide
gel. R-loop assays were performed in a buffer with 30 mM
Tris-HCL, pH 7.5, 50 mM KCl, § mM divalent cation (Mg**,
Mn?* or Ca?*), 0.25 mg/ml BSA, 5% glycerol, 0.01% NP-40,
1 mM DTT, with 2 nM nucleic acids substrate and 12.5-50
nM concentrations of purified TATDN2 protein in 10 pl reac-
tions incubated at 37°C for 30 min. Reactions were stopped
by adding 1 ul of 1% SDS and 1 ul of 10 mg/ml proteinase K
and incubating at 37°C for 5 min. Finally, 2 ul of 10 x loading
buffer (100 mM Tris-HCI, pH 7.5, 10 mM EDTA, 50% glyc-
erol, 0.15% Orange G) was added to the reaction. Assessment
of specific R-loop RNA metabolism was performed using both
native and denaturing polyacrylamide gel electrophoresis. For
native gel electrophoresis, the Mini-PROTEAN Tetra appara-
tus (Bio-Rad, Hercules, CA) was immersed in an ice bath to
maintain low temperature during electrophoresis. Native re-
action mixes (7 pnl) were loaded on a native 10% Tris-Acetate-
EDTA (TAE) polyacrylamide gel (10.1 x 7.3 cm, 1.5 mm
thick, 37.5:1) and run at 100 V until the dye front reached
3/4th of the gel. Heat-denatured radiolabeled substrate was
used as a marker. For denaturing gel electrophoresis, 10 ul
2x formamide dye (95% formamide, 5 mM EDTA, 0.025%
(w/v) Orange-G dye) was added to each reaction mixture, and
denatured at 95°C for 5 min. Six ul of the reaction mix was
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loaded onto each well of a polyacrylamide sequencing gel (45
cm x 33 cm x 0.2 mm) in 1X Tris-Borate-EDTA (TBE) buffer
and run at a constant 75 W for 2 h. After electrophoresis, the
polyacrylamide sequencing gel was immersed in fixing solu-
tion (50% methanol, 20% polyethylene glycol 400) for 15
min. Gels were placed on a sheet of Whatman paper, covered
with plastic wrap and dried under vacuum at 80°C for 1 h.
The dried gels were exposed to a phosphor screen overnight,
the screens were scanned in Typhoon phosphorimager (GE),
and the band intensities quantified using image analysis soft-
ware (ImageQuant TL 8.0, GE Healthcare). The percentage
of product formation was calculated using the formula: prod-
uct x 100/(substrate + product).

DNA:RNA immunoprecipitation (DRIP) quantitative
polymerase chain reaction (qPCR)

DRIP-qPCR was performed as previously described (84).
Briefly, TATDN2 was depleted as above in quadruplicate
plates each containing at least 8 million BRCA1-mutant
or WT-repleted MDA-MB-436 cells, with scrambled siRNA
serving as a control. DRIP-qPCR assays were performed
by immunoprecipitating DNA:RNA hybrids using the $9.6
antibody (Kerafast, Boston, MA) from gently extracted
and enzymatically digested DNA with the following cock-
tail of restriction enzymes: HindlIIl, EcoRI, Xbal, Sspl and
BsrGlI, treated or not with RNase H (New England Bio-
labs) in vitro as described (85). The immunoprecipitated
DNA was recovered using phenol/chloroform/isoamyl al-
cohol (25:24:1), centrifuged to recover DNA and allowed
to air-dry prior to resuspending in RNase-free TE buffer.
The relative abundance of DNA-RNA hybrid immunopre-
cipitated in each region was normalized to the input val-
ues and the scrambled siRNA control as needed (86). QPCR
primers for the APOE gene locus and the negative control
EGR-1 locus were as follows in 5’-3’ direction: APOE (F:
CCGGTGAGAAGCGCAGTCGG; R: CCCAAGCCCGACC-
CCGAGTA), EGR-1 (F: GAACGTTCAGCCTCGTTCTC; R:
GGAAGGTGGAAGGAAACACA). DRIP-qPCR assays were
performed in technical quadruplicates for each immunopre-
cipitation 72 h after siRNA transfection as described (85).

Mass spectrometry analysis of TATDN2 complex

Mass spectrometry (MS) analysis of proteins associated with
TATDN2 after DNA damage was performed by isolating
nuclear proteins from U20S cells expressing Myc-tagged
TATDN?2 as we and others described previously with some
modifications (78,87). Two days after transfecting U20S cells
with either Myc-TATDN2 or pCMV using Lipofectamine
3000 (ThermoFisher), ~80 x 10° cells per condition were ex-
posed to 10 Gy of ionizing radiation using a '3’Cs Faxitron
MultiRad 225 irradiator (Precision Xray; 110 kV, 11 mA,
0.50 mm aluminum filter, 40 cm from the source), and incu-
bated for 1 h to recover. Cells were harvested and suspended
in hypotonic Buffer (10 mM HEPES pH 7.9, 10 mM KCl,
0.1 mM EDTA, 1 mM dithiothreitol (DTT), with a mixture of
protease and phosphatase inhibitors (Millipore Sigma) for 15
minutes, then 10% IGEPAL (Millipore Sigma) was added to
a final concentration of 0.5%. Cells were vigorously vortexed
for 1 min at RT, and cell suspensions were centrifuged for 10
min at 1000 x g. The cytoplasmic fraction was removed, the
nuclear pellet was washed with ice-cold PBS, and resuspended
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in ice-cold lysis buffer (20 mM HEPES pH 7.9,400 mM NaCl,
1 mM EDTA, 1 mM DTT, with protease and phosphatase in-
hibitors). Salt reducing buffer (20 mM HEPES pH 7.9, ImM
EDTA) was added to dilute NaCl to a final concentration of
150 mM and samples were centrifuged at 24,000g for 2 h
at 4°C. Nuclear extracts were pre-cleared using Binding Con-
trol magnetic agarose beads (Proteintech, Rosemont, IL) at
4°C for 45 min, then Myc-TATDN2 was immunoprecipitated
overnight using Myc-Trap magnetic agarose (Proteintech) at
4°C. The beads were washed five times with the 150 mM NaCl
lysis buffer, and polypeptides were eluted with Laemmli buffer
(Bio-Rad, Hercules, CA). Samples were run on a 7.5% Mini-
PROTEAN TGX Stain-Free gel (Bio-Rad) until they were ap-
proximately 3 cm into the resolving gel. The gel was stained
with Pierce Coomassie Brilliant Blue Dyes for 1 h at RT, then
washed with deionized distilled H, O three times for 1 h each.
The gel lanes were cut with clean razors to 1 mm cubes and
further processed by the mass-spectrometry proteomics facil-
ity at UT Southwestern Medical Center, Dallas, TX. Multi-
ple controls (cell lysates with other Myc-tagged proteins) were
processed at the same time and immunoprecipitated in parallel
to exclude common non-specific binders. Gel fragments were
digested overnight with trypsin (Pierce, Appleton, WI) follow-
ing reduction and alkylation with DTT and iodoacetamide
(Sigma). Sample cleanup was performed by solid-phase ex-
traction with an Oasis HLB plate (Waters, Milford, MA) and
the resulting samples were injected onto a QExactive HF mass
spectrometer coupled to an Ultimate 3000 RSLC-Nano liquid
chromatography system. Samples were injected onto a 15-cm
long EasySpray column (i.d 75 um, ThermoFisher Scientific)
and eluted with a gradient from 100:0% buffer A:buffer B to
72:28% buffer A:buffer B over 90 minutes with a flow rate of
250 nl/min. Buffer A contained 2% (v/v) acetonitrile (ACN)
and 0.1% formic acid in water, and buffer B contained 80%
(v/v) ACN, 10% (v/v) trifluoroethanol and 0.1% formic acid
in water. The mass spectrometer operated in positive ion mode
with a source voltage of 2.5 kV and an ion transfer tube tem-
perature of 275°C. MS scans were acquired at 120 000 reso-
lution in the Orbitrap and up to 20 MS/MS spectra were ob-
tained for each full spectrum acquired using higher-energy col-
lisional dissociation for ions with charges of 2-8. Dynamic ex-
clusion was set for 20 s after an ion was selected for fragmen-
tation. Raw mass spectrometry data files were analyzed using
Proteome Discoverer v.3.0 (ThermoFisher), with peptide iden-
tification performed using Sequest HT searching the UniProt
human protein database. Fragment and precursor tolerances
of 10 ppm and 0.02 Da were specified, and three missed cleav-
ages were allowed. The false-discovery rate cutoff was 1% for
all peptides. The .RAW data file, .mgf peak list and the Excel
spreadsheet has been uploaded to MassIVE, Accession Num-
ber: MSV000092192.

Statistical analysis

All experiments were performed at least 3 times or more and
no results were excluded from statistical analysis. Statisti-
cal analysis was performed using two-way analysis of vari-
ance (ANOVA) by using SigmaPlot 13 (Systat Software, San
Jose, CA). A one-tailed t-test was used to determine signifi-
cant differences between control and treated groups. The cri-
terion for statistical significance was P < 0.05 and for each
figure statistical significance has been indicated as *P<0.05,
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**P<0.01, ***P<0.001, ****P<0.0001. For western blot-
ting data, band intensities were measured using Image] and
normalized to the loading controls (B-actin).

Results

MiR-4638-5p targets TATDN2 and is lethal for
BRCA1-deficient cells

We previously reported that the unfolded protein response
RNase IRE1 is over-expressed and constitutively phospho-
rylated in BRCA1-deficient cells (71). Phosphorylated IRE1
can degrade miRs as well as messenger (m) RNAs to pro-
mote the unfolded protein response (71,72). We first con-
firmed the over-expression and increased phosphorylation of
IRE1 in the BRCA1-deficient MDA-MB-436 cells (Figure 1A).
Depleting IRE1 in MDA-MB-436 cells resulted in increased
levels of many miRs listed in Supplementary Figure S1, as de-
fined by microarray analysis. One such miR whose expression
was increased after IRE1 depletion was miR-4638-5p. Using
Q-PCR assays, we found that miR-4638-5p was more highly
expressed in BRCA1-deficient but not WT BRCA1-repleted
MDA-MB-436 cells (Figure 1B), which has lower IRE1 lev-
els and phosphorylation (71). We previously reported that
IRE1 depletion is synthetically lethal in BRCA1-deficient but
much less so WT BRCA1-repleted MDA-MB-436 cells (71).
We hypothesized that this synthetic lethality was due to in-
creased miR expression that repressed proteins harmful to the
BRCA1-deficient cells. We found that depleting IRE1 resulted
in increased miR-4638-5p expression and that reconstitut-
ing miR-4638-5p expression is synthetically lethal in BRCA1-
deficient but not WT BRCA1-repleted cells as measured by
clonal colony survival assays (Figure 1C).

We performed an informatics search for mRNA binding
sites for miR-4638-5p that might explain its selective synthetic
lethality in BRCA1-deficient cancer cells. We found that it had
multiple binding sites in the 3’ UTR of an uncharacterized
nuclease termed TATDN2, one of three human members of
the TATD family, related to the bacterial TatD nuclease (1-
3). MiR-4638-5p predicted binding sites in TATDN2 mRNA
(NM_014760.4) were at the following locations, in descend-
ing order of predicted strength of the interaction:

3231-3259 (AUUCUGUUCUCUGCAGCCUGUUUUU-
GAGU)

3834-3854 (CUUUGUGUACCCCGCCCAGGU)

4758-4778 (AUUUAUGUGCUGUUGCACAGU)

3285-3310 (ACUUGUCUAAGCACAUGUGGGUGUGU)

4039-4065 (UCUCCUUCACCUUUUGAGCAACU-
GAGU)

The first binding site starting at 3231 has a significantly
stronger predicted interaction with miR-4638-5p than the
others, at -21.4 kcal/mol (Figure 1D).

We next tested whether the interaction between miR-4638-
Sp and the TATDN2 3’ UTR could result in functional re-
pression of protein translation. We found that reconstituting
miR-4638-5p in MDA-MB-436 cells repressed expression of
TATDN2 protein and decreased expression of a luciferase re-
porter bearing the 3’ UTR of TATDN2 (Figure 1D). Consis-
tent with the reconstitution of miR-4638-5p being syntheti-
cally lethal for BRCA1-deficient MDA-MB-436 cells, deple-
tion of TATDN2 in BRCA1-deficient cell lines MDA-MB-436
and HCC1937 (breast cancers) and UWB1.289 (ovarian can-
cer) was indeed synthetically lethal (Figure 1E). In contrast,
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WT BRCAT1-repleted MDA-MB-436 cells were affected far
less than BRCA1-defective parent cells (Figure 1E), implying a
potentially significant therapeutic window if TATDN2 could
be successfully targeted. These data also indicate that the re-
pression of miR-4638-5p by IRE1 in BRCA1-mutant cells is
important for their survival, and that one target of miR-4638-
Sp is TATDN2.

TATDN2 is an RNA 3’ exonuclease and
endonuclease

Protein Atlas confocal immunofluorescence demonstrates
that the majority of human TATDN2 localizes to the nu-
cleus in a speckled pattern (https://www.proteinatlas.org/
ENSG00000157014-TATDN2/subcellular). We purified re-
combinant human TATDN2 protein from HEK293T cells us-
ing a 6X His tag and nickel-NTA column followed by high
performance liquid chromatography (HPLC) using a heparin
column. The HPLC step was required to separate TATDN2
from HSP70, which co-purified with TATDN2 on the nickel-
NTA column (Supplementary Figure S2). Previous studies in-
dicated that bacterial TatD was a magnesium ion-dependent
3’ exonuclease preferential for SS RNA or DNA (1-3). We
tested TATDN2 activity on an RNA hairpin structure and
found that it had strong 3’ RNA exonuclease and endonu-
clease activities (Figure 2A) (5-7). TATDN2 both sequentially
clipped off the 3 RNA end and cleaved internally in the DS
region of the RNA hairpin. This activity was reaction time-
dependent (Figure 2A) and was significantly greater than its
activity on DNA (see below). At higher TATDN2 concentra-
tions, the 3’ exonuclease clipping appears reduced. It is un-
likely that either activity has changed due to concentration-
rather, the increasing concentration results in more endonu-
clease cleavage, which results in smaller fragments containing
the 3’ end, which would run at a faster rate on the gel.

Based on the TATDN2 RNA hairpin activity and its unique
nuclease catalytic domain (Figure 2A, B), we hypothesized
that TATDN2 might also resolve R-loops, given their RNA-
DNA hybrid structure. We tested this hypothesis with puri-
fied human TATDN2 on multiple radiolabeled R-loop struc-
tures using in vitro biochemical reconstitution and native and
denaturing gel electrophoresis assays. We found that WT re-
combinant purified TATDN2 specifically degraded the RNA
strand but not the DNA strands of an R-loop, independent of
whether there was a 5’ or 3’ RNA overhang, or no RNA over-
hang (Figure 2C-E). Based on analysis of the Alphafold-2 ter-
tiary structure of human TATDN2, the reported structures of
human TATDNT1 and 3, and the reported tertiary structure of
bacterial TatD, we predicted that three amino acids in the cat-
alytic domain, E593, E705 and D707, could possibly chelate
two divalent cations (Figure 2B) (1-4). We mutated each of
these individually to alanine in purified recombinant TATDN2
protein and tested these variants in the R-loop biochemical
reconstitution assay. We found that ES93A and E705A com-
pletely abrogated degradation of RNA in the R-loop while
D707A retained a low level of activity (Figure 2C-E). Chen
et al. (2) reported that E. coli TatD E91A, E201A and D203A,
which correspond to human TATDN2 E593, E705 and D707,
respectively, are catalytically defective. This is consistent with
our biochemical data, except the D707A mutant retained lim-
ited R-loop resolution activity, unlike the full abrogation of
this activity with ES93A and E705A mutations.
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Figure 1. MiR-4638-5p reconstitution in BRCA1-deficient cells results in synthetic lethality. (A) The RNase IRE1 (both total and phosphorylated) is
constitutively overexpressed in BRCA1-deficient MDA-MB-436 cells. (B) Depleting IRE1 results in increased levels of miR-4638-5p in BRCA1-deficient
but not WT BRCA1-repleted MDA-MB-436 cells. (C) Reconstituting miR-4638-5p expression is synthetic lethal in BRCA1-deficient but not WT
BRCA1-repleted cells. (D) miR-4638-5p has high affinity binding sites in the 3’ UTR of TATDN2 (position 3231 to 3259 in NM_014760.4). Western blot
demonstrates miR-4638-5p regulates the expression of TATDN2. Transfection of miR-4638-bp in MDA-MB436 cells represses luciferase activity when
the reporter contains the 3' UTR of TATDNZ2. (E) Depletion of TATDN2 in the BRCA1-deficient MDA-MB-436, HCC1937 (breast cancer) and UWB1.289
(ovarian cancer) cell lines generate synthetic lethality, but 8-fold less of an effect is seen in BRCA1-repleted MDA-MB-436 cells. Western analysis
demonstrates depletion of TATDN2, which has two isoforms in some cell lines, both specifically depleted. For all figures, *P < 0.05, **P < 0.01,

*¥**¥P < 0.001, ****P < 0.0001.

TATDN2 specifically degrades the RNA strand of an
R-loop

Previous reports indicate that bacterial TatD is a magne-
sium ion-dependent 3’ exonuclease preferential for SS RNA
or DNA (1-3). Consistent with bacterial TatD (2), human
TATDN?2 required a divalent cation for activity, with maxi-
mal activity occurring with Mg?*, mild activity with Mn?* and
very limited activity with Ca®* (Supplementary Figure S3A—
D). These assays also revealed TATDN2 R-loop binding as a
supershift on the native gels. This supershift is only seen when
the Mg?* ion is lacking; otherwise the R-loop is digested by
TATDN2 (Supplementary Figure S3D, E).

Based on the supershift seen in the native gel R-loop
cleavage assays when the required divalent cation is miss-
ing, we investigated WT TATDN2, ES93A TATDN2 and
N-terminal truncated (490-761) TATDN2 binding to R-
loops (Figure 3) using electrophoretic mobility shift as-
says (EMSA). We showed significant R-loop binding by
WT TATDN2 that was eliminated by treatment with pro-
teinase K and SDS (Figure 3A). The catalytically-defective
ES593 mutant showed limited R-loop binding, and binding
was abrogated in the truncation mutant, TATDN2 (490-
761), that lacks the long N-terminal disordered region (Fig-
ure 3A,B). The Ky for WT TATDN2 binding to R-loops is
19 nM.

We next examined the activity of TATDN2 on D-loops
and RNA:DNA DS duplexes and compared that to its R-loop
metabolism activity. In contrast to its robust R-loop resolu-
tion activity, TATDN2 showed no activity against a D-loop
(SS DNA hybridized to a DNA bubble), and minimal activ-
ity against the RNA strand of an RNA-DNA hybrid duplex
oligomer (Figure 4A, B), indicating that it prefers the RNA of
an R-loop as a substrate. Using denaturing gel electrophoreses
to measure fractions and sizes of degraded products, we found
that TATDN?2 specifically degraded the RNA strand of an R-
loop from the 3’ end (Figure 4C, D). Although R-loop bind-
ing was not detected with the N-terminal truncated TATDN2
(490-761) (Figure 3), it still had minimal R-loop resolution
activity in the more sensitive denaturing gel enzymatic RNA
digestion assay, 7-fold worse than WT TATDN2 (Supplemen-
tary Figure S4).

It is likely that TATDN2 degrades the RNA strand of an R-
loop from the 3’ end for two reasons; first, if TATDN2 has 5’
exonuclease activity then we would have seen only single la-
beled nucleotides in the R-loop denaturing gels, given that the
RNA probe is labeled at the 5" end (Figures 2 and 4). Second,
we would have seen only single nucleotides in the cleavage of
the hairpin RNA, which was labeled at the 5" end as well (Fig-
ure 2). Instead, we see larger cleaved products in a ladder for
both assays.
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We next tested the activity of TATDN2 against various
DNA substrates (Supplementary Figure S5). We found that
it had little DNA nuclease activity against any SS or DS sub-
strate. TATDN2 had no 3’ or 5’ exonuclease activity, no uracil
glycosylase activity, and no 5’ flap endonuclease activity on
DNA substrates (Supplementary Figure SSA-C). In contrast
to TATDN1 and 3, it has only very weak abasic endonu-
clease activity, detected with high TATDN2 concentrations
and prolonged autoradiogram exposure (Supplementary Fig-
ure SSD) (4). However, as noted above and discussed later,
the nuclease domain of TATDN2 has distinct differences from
TATDNTI and 3.

Interestingly, we found that TATDN2 had nicking activ-
ity on catenated kDNA, relaxing the supercoils to open cir-
cle DNA and linear DNA (Supplementary Figure S6), consis-
tent with a previous report that zebrafish TATDN1 nicks cate-
nated DNA (12). The E593A human TATDN2 species lost its
decatenation capability, indicating this activity is not a con-
taminant. Loss of the amino terminal enhanced decatenation
activity (Supplementary Figure S6), implying that it negatively
regulates catenated DNA nuclease activity. TATDN2 had no
nucleolytic activity on duplex DNA containing a bubble, a
structure similar to an R-loop without the RNA (Supplemen-
tary Figure S7). Together these results indicate that TATDN2
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preferentially degrades RNA in R-loop structures, rather
than generic RNA-DNA hybrids, D-loops, or DNA bubble

structures.

TATDN2 promotes R-loop resolution in vivo

BRCA1 is important for resolution of R-loops, and can-
cers with BRCA1-deficiency have difficulty resolving R-loops
and further compromise of R-loop resolution in these cells
causes synthetic lethality (53-56). We next used confocal im-
munofluorescence to examine whether TATDN2 depletion in-
creased cellular R-loops in BRCA1-deficient and WT BRCA1
repleted MDA-MB-436 cells. Consistent with previous re-
ports, we found that lack of BRCA1 resulted in more nu-
clear R-loops being detected by immunofluorescent staining
with the R-loop-specific $9.6 antibody in the BRCA1-deficient
MDA-MB-436 cells (Figure 5A, B). We found that R-loops
were markedly increased after TATDN2 depletion in both the
BRCA1-deficient and the WT repleted cells, but the BRCA1-
deficient cells had relatively more R-loops after TATDN2 de-
pletion than the WT repleted cells (Figure SA, B).

Genomic DNA containing R-loops can be immunoprecip-
itated using the S9.6 antibody, and the presence of R-loops

assessed in specific gene loci prone to R-loop formation us-
ing quantitative PCR (DRIP-qPCR) (84,85). DRIP-qPCR was
performed on the APOE gene locus in MDA-MB-436 BRCA1-
mutant and WT-repleted breast cancer cells, a region known
to form R-loops and the EGR-1 locus, which serves as a neg-
ative control as it does not form R-loops (Figure 5C, D). The
negative control locus, EGR-1, had little R-loop formation in
either BRCA1-deficient or WT-repleted cells (Figure 5C). As
expected, we found that BRCA1-mutant cells have 2.2-fold
more APOE locus R-loops than BRCA1 WT repleted cells.
Consistent with the data above, DRIP-qPCR analysis demon-
strated that TATDN2 depletion markedly increased R-loops
at the APOE locus, but not at the EGR-1 locus. TATDN2 de-
pletion increased R-loops by 3.3-fold in the BRCA1 WT cells
and 6.9-fold in the BRCA1-mutant cells. RNase H1 treatment
prior to qPCR analysis completely abolished the APOE R-
loop signal, verifying that the assay measures R-loops (Figure
5SD). It should be noted that while there is no statistical dif-
ference between the BRCA1-deficient and proficient daughter
cells using the S9.6 confocal immunofluorescence assay, there
is indeed a significant difference between those two types of
cells in the DRIP-qPCR assay, which is more quantitative (Fig-
ure 5C, D). These in vivo data imply that cells with decreased
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Figure 5. TATDN2 depletion increases R-loop formation in vivo. (A) Representative confocal immunofluorescent microscopic images of R-loops detected
by S9.6 antibodies. (B) Quantitation of R-loop formation in MDA-MB-436 cells. Data expressed as a graphical representation of S9.6 confocal
immunofluorescence intensity in BRCAT-deficient and WT repleted MDA-MB-436 cells with or without TATDN2 depletion; data are from >100 cells
scanned per condition. The BRCA1-deficient cells showed increased R-loops without further stress when compared with the WT BRCA1 repleted cells.
Statistically significant increases in R-loops are seen in both BRCA1-deficient and WT-repleted cells after TATDN2 depletion. (C) DRIP-gPCR analysis
showing that depletion of TATDN2 increases R-loops at the APOE gene locus, and further increased by BRCA1-deficiency (n = 3). The EGR-1 locus does
not form R-loops and serves as a negative control. (D) Loss of APOE signal after treatment with RNaseH1 demonstrates that these are indeed R-loops.
There are no statistical differences between any of the data after RNaseH1 treatment.

R-loop resolution machinery are dependent on TATDN?2 for
resolution of these structures.

TATDN2 enhances replication fork progression
when R-loops are excessive

Since R-loops can stall replication forks and complicate their
repair, especially when they collide head on (17,44), we next
tested whether huTATDN2 depletion would affect replication
fork progression when R-loops are increased. We used ARV-
825, a PROTAC inhibitor of BRD4 that increases R-loops
and MDA-MB-436 cells, which are already stressed by in-
creased R-loops due to lack of BRCA1 (53-56,82). We then
treated the control and TATDN2-depleted cells with ARV-
825 for 6 h, while at the same time labeling replication forks
with CIdU. We then removed ARV-825 and labeled replica-
tion forks with 1dU for 1 h to assess replication fork progres-
sion in response to R-loop stress (Figure 6A). We found that
there was little difference in fork progression between con-
trol versus TATDN2-depleted cells without ARV-825 (Figure
6B, C). However, ARV-825 treatment of TATDN2-depleted

cells resulted in markedly reduced replication fork progres-
sion in the presence of increased R-loops from ARV-825 (Fig-
ure 6B, C). In addition, TATDN2-depleted cells had shorter
replication tracks even after release from ARV-825 (Figure
6D). These data suggest that increased R-loops in TATDN2-
depleted cells slow replication fork progression even after the
R-loop stressor was removed, implying that R-loop resolu-
tion in TATDN2-depleted cells is delayed compared to control
cells. We also measured replication fork stalling and restart
(73,74,76,77,80) in response to the replication stressor camp-
tothecin in control and TATDN2-depleted, BRCA1-deficient
MDA-MB-436 cells. We found that TATDN2 had no effect
on replication fork stalling or restart when R-loops were not
increased (Supplementary Figure S8).

TATDN2 promotes chromosomal stability and
mitotic proficiency

Unresolved R-loops can lead to DSBs, most commonly from
endonuclease nicking of the ssDNA in the R-loop, followed by
collision with a replication fork (14-17). We therefore tested
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Figure 6. TATDN2 depletion suppresses replication fork progression when R-loops are increased in BRCA1-deficient MDA-MB-436 cells. (A) Schematic

of the DNA fiber experiment and representative fiber images. R-loop formation was stimulated by ARV-825 over 6 h then removed. (B) CldU track lengths
represent replication fork progression when ARV-825 is generating R-loops. (C) IdU track lengths represent replication fork progression after release from
R-loop stress. TATDN2 depletion decreased replication fork progression both when ARV-825 is present and also after release from that R-loop stress. (D)

Average replication track lengths in during (CldU) and after ARV-825 treatment (IdU). A total of 74-171 (average 118) fibers scored per condition.

whether TATDN2 depletion resulted in increased SS nicking ~ imply that TATDN2 is required for proper chromosome seg-

of genomic DNA using an alkaline comet assay in MDA-MB-  regation in order to complete mitosis, common in cells with
436 BRCA1-deficient cells. We found that TATDN2 deple- unreplicated regions or failed decatenation. Chromosome re-
tion resulted in an increase in SS nicking as assessed by in- tention can be caused by centromere loss, seen as micronu-
creased Comet tail moments (Figure 7A). If unrepaired, in- clei. Shared chromosomes result when chromosome fusions
creased SS nicking at R-loops can lead to DSBs if not religated, result in gain of another centromere (dicentrics), and these are
as noted above (14-17). We used confocal immunofluores- seen as chromosome bridges between daughter nuclei. One
cence to detect y-H2AX and BLM foci to measure DSB for- ~ mechanism of such fusions is when DSBs at R-loops on dis-

mation in untreated WT and TATDN2-depleted BRCA1 WT  parate chromosomes aberrantly ligate (38—44). We found that
MCF7 breast cancer cells, which have much lower baseline ~ TATDN2 depletion significantly increased both micronuclei
DSBs than BRCA1-deficient cells (Figure 7B). We found that and chromosome bridges in BRCA1-mutant MDA-MB-436
both y-H2AX and BLM foci were markedly increased in the  cells (Figure 7D), implying that TATDN2 may be important,
TATDN2 depleted cells, and that this was further increased least indirectly in preventing chromosomal fusions or unrepli-
by decatenation stress induced by the TOP2A inhibitor ICRF-  cated regions.

193. We also found that TATDN2 depletion increased 53BP1
foci that co-localize with y-H2AX foci in BRCA1 WT MCF7

cells (Supplementary Figure S9) (73,74,76,77,80,81), a further Discussion

indication of increasing DSBs after TATDN2 depletion.

In this study, we demonstrate that an IRE1-repressed miR,

Unresolved R-loops can cause DSBs, which can result in free miR-4638-5p is synthetically lethal when reconstituted in
DS ends that can fuse with non-homologous ends of other =~ BRCA1-deficient cells but far less so in a WT BRCA1-repleted

broken chromosomes. Chromosomal fusion can cause defec- derivative cell line (Figure 1). We tested whether miR-4638-
tive chromosome segregation at mitosis, resulting in anaphase 5p could repress multiple other predicted target proteins and
stalling, or if mitosis is completed, retained or shared chro- did not find any that were significantly repressed besides

mosomes. We found that depletion of TATDN2 increased the =~ TATDN2 (Supplementary Figure S10), this study does not pre-
fraction of mitotic cells in anaphase (Figure 7C). These data  clude other targets of miR4638-5p that are also important
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Figure 7. TATDN2 is required for genomic stability. (A) Alkaline Comet assays show increased genomic SS breaks in BRCA1-deficient MDA-MB-436 cells
after depletion of TATDN2. (B) Depletion of TATDN2 alone or with chromosomal segregation stress induced by the decatenation inhibitor ICRF-193
results in increased y-H2AX and BLM foci in BRCA1T WT MCF7 cells. (C) Depletion of TATDN2 alone or with ICRF-193 exposure increases anaphase
arrest in BRCA1-deficient MDA-MB-436 breast cancer cells. (D) Depletion of TATDN2 increases chromosome segregation defects in BRCAT-deficient
MDA-MB-436 cells, which results in retained chromosomes seen as micronuclei and shared chromosomes seen as nuclear bridges.

for BRCA1-deficient cell survival. Indeed, there may certainly
be other relevant but undiscovered targets repressed by miR-
4638-5p based on the fact that most miRs repress hundreds
of mRNAs each. We also found that there are multiple other
miRs affected by repression of IRE1 in BRCA1-deficient cells
(Supplementary Figures S1,S10). It is likely that some of these
may also generate lethality in BRCA1-deficient cells, like miR-
4638-5p. Rather, this study presents extensive evidence that
at least one mechanism for the synthetic lethality in BRCA1-
deficient cells from miR4638-5p is via repression of TATDN2
protein expression (Figure 1).

TATDN?2 is one of three human homologs of the TATD
family whose canonical member is bacterial TatD, which is
a 3’ SS DNA and RNA exonuclease (1-3). We characterized
TATDN?2 and found it is a 3’ RNA exonuclease and endonu-
clease that specifically degrades the RNA strand in R-loop
triplexes (Figures 2, 4, S3, S4). Depleting TATDN2 leads to
an increase in cellular R-loops, slowed replication and con-
sequent genomic damage (Figures 5-7). One database of R-
loop-associated proteins included TATDN2, consistent with
the data presented here (88). TATDN2 also degrades DS RNA
hairpin structures (Figure 2), implying that it could also play

a role in the metabolism of miRs. While the maturation of
miRs is well defined, the regulators of their half-life are not,
and although beyond the scope of this study, it is tempting to
speculate that TATDN2 also regulates degradation of mature
or precursor miRs (66,67).

TATDN?2 appears to have less activity than RnaseH1 in our
in vitro assays (Figures 2 and 4), although it is difficult to cor-
relate molar concentrations of TATDN2 with units of activity
for RnaseH1. It should be noted that earlier characterizations
of human RnaseH1 nuclease activities used up to 200 nM con-
centrations before convention dictated measuring it as units
of activity (89-91). Those concentrations are higher than the
TATDN2 concentrations used here (10-50 nM). The Kd for
binding to RNA:DNA hybrid structures in the initial reports
on human RnaseH1 was also higher than reported here for
TATDN2 (90,91). It is possible that as isolation techniques
for RNaseH1 improved, so did its activity, which may be the
case here as well, since TATDN?2 is difficult to purify and is
labile after purification, so must be carefully stored. In addi-
tion, in vitro measurements of TATDN2 may not reflect its
full activity i vivo, nor does possible lower relative activity
necessarily mean that TATDN2 is not biologically relevant.
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For most of the TATDN2 R-loop iz vitro assays the major-
ity of the substrate (~80-90%, depending on the assay) was
cleaved into smaller components, but just not digested down
to the single nucleotide level as seen with RNaseH1, which
may reflect TATDN2 RNA endonuclease activity as well, as
such fragments could diffuse from the R-loop location, and
thereby no longer be a substrate for TATDN2 since it is not
hybridized to the DNA bubble. Since water was present in the
reaction buffer, we assume that cleavage of the RNA in R-
loops by TATDN2 generates a 5'-OH and 3’-P via hydrolysis
of the phosphodiester bond, but this awaits further biochem-
ical study.

There are several other RNases that are accepted to resolve
R-loops besides RNaseH1, such as RNaseH2 (61), TREX1
(54,64) and XRN2 (48), so it should not be surprising that
another alternative R-loop RNase exists. Most eukaryotic bi-
ological systems have redundancy. The sequence divergence
of TATDN?2 from the rest of the TATD family and the pres-
ence of these other R-loop RNases must have occurred under
some specific selective pressure. It is likely that these differ-
ent RNases function at distinct forms of R-loops or at distinct
cell stages, such as seen with RNaseH2 compared to RNaseH1
(61).

The cyanobacteria species Synechocystis dtd3 gene product,
which is closely related to human TATDN2 (25% identify in
the nuclease domain) and bacterial TatD (35% indentity) was
reported to hydrolyze D-aminoacyl-tRNAs (92). While it is
possible that this could also be a function of TATDN2, there
are two reasons why it may not be the case. First, TATDN2 has
a unique long N-terminal region that mediates R-loop bind-
ing not seen in the dtd3 protein. Such a region could pref-
erentially localize TATDN2 to R-loops, consistent with the
finding that TATDN2 protein is found in the nucleus and
not the cytoplasm. Second, dtd3 is more homologous to an-
other bacterial protein, YcfH (40% identity), which has D-
amino acyl-tRNA hydrolyzing activity, than to bacterial TatD
which did not have that activity (92). However, it is recognized
that increased incorporation of D-amino acids into proteins
could cause unfolded protein stress, to which we reported that
BRCA1-deficient cells are preferentially sensitive (71). Thus,
loss of such an activity would indeed be synthetic lethal to
BRCA1-deficient cancer cells such as seen here.

TATDN?2 is a member of the large TATD family, which
includes bacterial TatD (1,2). The tertiary structure of bac-
terial TatD and human TATDN1 and 3 have been reported
(1,2,4), and the predicted structure of the C-terminal nucle-
ase domain of human TATDN2 is available in the Alphafold-
2 database. Bacterial TatD and human TATDN1 and 3 re-
quire the divalent cation Mg?* for best catalytic activity, a
feature shared with other DNase1 family nucleases (1-3). Us-
ing these structures, we predicted the amino acids that should
chelate two potential divalent cations in human TATDN2:
ES593, E705 and D707. However, we found that only two
of these residues, E593 and E705 were completely required
for TATDN2 R-loop 3’ RNA exonuclease activity, while the
D707A mutant TATDN?2 still had some R-loop resolution ac-
tivity (Figure 2). That only two acidic amino acids modeled for
divalent cation chelation were needed for the R-loop RNase
activity could imply that only one Mg?* cation is absolutely
required to be chelated by TATDN2 while the second cation
maximizes activity. The catalytic site of TATDN2 also has two
cysteines (C538 and C656) that are not present in other family
members. Studies using non-denaturing gels in the absence of

12237

a divalent cation show that specific binding of TATDN2 to the
R-loop structure requires the aforementioned long N-terminal
disordered region unique to TATDN2 (Figure 3 and Supple-
mentary Figure S3). It is possible that this unique N-terminal
region could mediate binding to R-loops in specific regions or
with specific structures that would provide the evolutionary
pressure for its selection in addition to TATDN1 and 3. There
are certainly R-loop structures that ubiquitous RNaseH1 does
not metabolize (93-95). Such R-loop structures may have pro-
vided the selective pressure for further R-loop resolution en-
zymes like TATDN2. Expanding on this postulate, the evolu-
tionary development of TATDN2 activity is consistent with
the continued selective pressure of increasing R-loop forma-
tion with increased genome size and complexity of higher or-
ganisms.

Interestingly, TATDN2 can also relax catenated DNA by
nicking it (Supplementary Figure S6). This is consistent with
nicking of catenated DNA by zebrafish TATDN1 (12). The
reason why this is consequential is that R-loop formation is
a common, normal mechanism to relieve topological stress
caused by negative supercoiling, such as from transcription or
replication (33,34,96). Resolving an R-loop without resolving
the underlying reason why it occurred does not solve the topo-
logical problem faced by the cell. It is possible that TATDN2
can perform both functions, resolving both the R-loop and the
topological problem that led to its formation, by relaxing su-
percoiled DNA adjacent to the R-loop. The N-terminal region
may be the switch between these activities, enhancing R-loop
resolution and decreasing decatenation (Figure 3 and Supple-
mentary Figure S6). Such a dual nuclease activity, resolving
R-loops and nicking adjacent catenated DNA to relieve topo-
logical stress, would be as yet undescribed, and perhaps is the
evolutionary pressure that promotes the differentiation of the
TATD family.

Interestingly, BRCA1 can promote decatenation by en-
hancing TOP2A activity (97), providing another reason why
TATDN2 would be important for BRCA1-deficient cell sur-
vival. The TATDN2 dual activity is likely essential for em-
bryonic development, given that we found that TATDN2 ho-
mozygous knock-out mice die in utero before embryonic day
9.5 (Supplementary Figure S11). Consistent with this, mass
spectroscopic analysis of proteins pulled down with immuno-
precipitated Myc-tagged TATDN2 showed that the most com-
mon TATDN2-associated protein was TOP2A (Supplemental
Table S1). Other common TATDN2-associated proteins were
several nucleic acid binding zinc finger and RNA-binding pro-
teins, including the RNA helicase DHX37 (Supplemental Ta-
ble S1), attesting to a primary function of TATDN2 in RNA
biology.

Pathologic R-loops cause genomic damage when encoun-
tered by replication forks or when the single DNA strand in an
R-loop is nicked by any of several nucleases, including XPG
and XPF, which function in nucleotide excision repair (98).
We found that TATDN2 depletion significantly increased SS
nicks in genomic DNA, consistent with SS DNA nicking of
unresolved R-loops. When a replication fork collides with an
R-loop with a SS nick, the nick is converted into a DSB which
can be assessed by the presence of nuclear DSB foci. We dis-
covered that TATDN2-depleted cells indeed had markedly in-
creased y-H2AX, BLM and 53BP1 nuclear foci, consistent
with increased baseline DNA DSBs (Figure 7, Supplementary
Figure S8). In normal cells, physiological R-loops predomi-
nate, and R-loop resolution is not as pressing as it is in cells
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which lack one of the resolution components, as in BRCA1-
mutant breast cancer cells. Thus, the discovery of increased
R-loops, evidence of increased genomic DSBs (y-H2AX and
BLM foci) and decreased chromosomal segregation during mi-
tosis in TATDN2-depleted BRCA1-mutant cancer cells is con-
sistent with our finding that TATDN?2 depletion is syntheti-
cally lethal in BRCA1-defective cells (Figure 1).

TATDN?2 depletion did not appreciably alter the fraction
of replication forks stalled by camptothecin, a classic in-
ducer of replication stress, nor did it affect stalled fork re-
pair and restart (Supplementary Figure S8). This is consistent
with TATDN2 being a back-up pathway for R-loop resolu-
tion, most needed when R-loop concentrations become prob-
lematic. In this scenario, TATDN2 is not required for nor-
mal replication progression, but rather only when R-loops ex-
ceed what the cell’s replication apparatus can tolerate. While
TATDN2 depletion in WT BRCAT1 cells increased genomic
DSBs (Figure 7), such cells have better repair mechanisms to
deal with DNA damage from unresolved R-loops (54-56).

However, loss of TATDN2 significantly decreased repli-
cation fork progression in BRCA1-deficient cells exposed to
ARV-825 (Figure 6), an inducer of R-loops (82). TATDN2 de-
pletion also decreased replication fork progression after re-
lease from ARV-825, implying that persistent R-loops con-
tinued to slow fork progression. The decrease in replica-
tion speed in either condition could be due to the pres-
ence of R-loops in front of stalled forks. While it is possi-
ble that TATDN2 plays a role in replication fork progres-
sion, TATDN2 depletion made little difference in fork pro-
gression before induction of increased R-loop formation (Fig-
ure 6). The impoverished replication progression after fork
restart in TATDN2-depleted cells would lead to un-replicated
regions that would not segregate properly during mitosis.
Consistent with this, we observed anaphase arrest in BRCA1-
defective cells with depleted TATDN2 (Figure 7C). This could
be an alternative explanation for the failure to properly segre-
gate chromosomes during mitosis in TATDN2-depleted cells
besides either chromosomal fusion from unrepaired R-loop
DSBs and failed chromosome decatenation. Thus, there are
at least three potential mechanisms for the significant increase
in shared chromosomes (bridging) and retained chromosomes
(micronuclei) seen in the TATDN2-depleted BRCA1-deficient
cells (Figure 7D), unreplicated regions persisting into mitosis,
DSB fusions, or decreased decatenation.

The structural and functional characterization of TATDN1
and 3 nuclease domains were recently reported (4). This study
found that TATDNT1 and 3 had catalytic site structures sim-
ilar to the previously reported bacterial TatD structure (1-3)
and that each had DNA exonuclease and DNA abasic endonu-
clease function. We saw no appreciable DNA nuclease activity
for TATDN2, except for minor abasic endonuclease activity at
high concentrations and long autoradiogram exposures (Sup-
plementary Figure S5). This nuclease activity of TATDN1 and
3 was present with multiple types of divalent cations, includ-
ing Zn>* and Ca®* (4), which we did not find with TATDN2
(Supplementary Figure S3). TATDNT1 and 3 structures both
were found to chelate two divalent cations using three acidic
amino acids. We found that TATDN2 required only two such
acidic amino acids, E593 and E7035, for full R-loop resolution
activity. These were homologous to the cognate amino acids
also required for TATDN1 and 3 nuclease activity (4). Human
TATDN1 E112 interacts with two Zn?* ions, and this residue
corresponds to TATDN2 E593, while TATDN1 D222 coor-

Nucleic Acids Research, 2023, Vol. 51, No. 22

dinates one Zn?* ion and corresponds to TATDN2 D707 (4).
As mentioned, there are two cysteine residues in the catalytic
domain of TATDN2 (Supplementary Figure S12) that are not
present in the other family members, suggesting these could be
targeted by a covalent inhibitor. It is possible that these differ-
ences in the catalytic domains of TATDN2 compared to the
other human TATDN homologues mediate their distinct nu-
clease activities (Figures 2, 4 and Supplementary Figures S4-
S6). Thus, there are at least three structural reasons for the
unique activities of TATDN2, the long N-terminal domain,
the two catalytic site cysteines and the lack of necessity of the
third predicted chelator of the second divalent cation, D707.

PARP1/2 inhibitors represent a remarkable advance for the
treatment of BRCA1-mutant cancers (99). There are currently
four such inhibitors that are FDA-approved. However, almost
all patients eventually relapse due to therapeutic resistance,
and some patients cannot tolerate the gastrointestinal toxicity
of these drugs (100). In addition, a small fraction of patients
will develop myelodysplastic syndrome, a potentially fatal
complication (101). Thus, additional drug targets are needed
to treat these cancers, and TATDN2 may be a novel target
for such intervention. While TATDN2 knock-out mice indi-
cate that TATDN2 is crucial for embryonic development when
both R-loop formation and replication are highly prevalent
(Supplementary Figure S11), there may be less of a require-
ment for TATDN2 in normal adult cells, which have a lower
replication rate and less risk from unresolved R-loops (Figure
1). The marked improvement in survival with TATDN2 deple-
tion in WT BRCA1-repleted MDA-MB-436 cells demonstrate
a potential therapeutic index between BRCA1-deficient tu-
mors and normal tissues. Importantly, this study also identifies
a potential anti-TATDN2 therapeutic agent, miR-4638-5p,
potentially bypassing the requirement for a small molecule in-
hibitor. In conclusion, our findings demonstrate the TATDN2
axis as a novel target for treatment of BRCA1-mutant can-
cers and reveal potential approaches to exploit this axis for
effective cancer treatment.
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