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Abstract

A defective homologous recombination (HR) repair program increases tumor incidence as well as
providing a survival advantage in patients with breast and ovarian cancers. Here, we hypothesize
that the tumor-promoting side of genome maintenance programs may be contributed by a self-
renewal protein, nucleostemin (NS). To address this issue, we established its functional importance
in mammary tumor progression in mice and showed that mammary tumor cells become highly
susceptible to replicative DNA damage following NS depletion and are protected from
hydroxyurea-induced damage by NS overexpression. Breast cancer cells with basal-like characters
display more reliance on NS for genome maintenance than those with luminal characters.
Mechanistically, NS-deficient cells demonstrate a significantly reduced HR repair activity. TCGA
analyses of human breast cancers revealed that NS is co-enriched positively with HR repair
proteins and that high NS expression correlates with low HR defects and predicts poor
progression-free survival and resistance to knockdown of cell cycle checkpoint genes in triple-
negative/basal-like breast cancers. This work indicates that NS constitutes a tumor-promoting
genome maintenance program required for mammary tumor progression.
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INTRODUCTION

Genomic damage is a constant occurrence in life, happening at a rate of about 70,000 events
per dayl. To minimize the effect of these continuous assaults on the genome, cells are
equipped with a battery of molecular tools to sense and repair damaged DNAS?. If the DNA
repair pathways, particularly those of higher fidelity, are overwhelmed by the incoming
genotoxic load, some genomic “scars” will accumulate, resulting in genomic instability, cell
cycle arrest, and/or cell death. Genomic instability increases the transformation rate and has
long been viewed as a driver for cancers3. Indeed, next-generation sequencing has revealed
DNA repair deficits in multiple tumor types, including prostate and breast cancers® .

A major source of DNA damage comes intrinsically as a result of genome replication or cell
metabolism®. DNA replication increases the rate of mutation during translesion synthesis,
which uses error-prone DNA polymerases to help the replication machinery cross pre-
existing damaged sites. DNA replication can also cause double-strand breaks (DSBs) when
replication forks encounter single-strand breaks (SSBs), collide with DNA-bound protein
complexes, or collapse after prolonged stalling’. Compared to other cell types, proliferative
tumor cells are faced with an even greater risk of replicative damage, as oncogene activation
is a potent inducer of genomic stress due to nucleotide depletion and increased DNA-bound
proteins. As robust as cancer cells are, unrepaired genomic damage may still result in dire
consequences, such as chromosomal loss, mitotic catastrophe, and eventually cell death. A
paradox thus arises: does cellular programs that help mitigate genomic instability promote or
suppress tumor development? Recent studies did indeed indicate that patients with
BRCAL/2-mutated breast or ovarian cancers have better overall survival than those
without®11, The survival advantage of BRCA-mutated tumors has been largely attributed to
their enhanced responsiveness to chemotherapies. It is not clear whether HR-deficient
tumors undergo a more benign natural course of development compared to HR-proficient
tumors!2,

Nucleostemin (NS) is a nucleolar GTP-binding protein that functions in stem cell self-
renewall3-15, It has also been shown to play indispensable roles in embryonic development,
tissue regeneration, and pluripotency reprogramming6-20. One of its key functions is to
protect mitotic stem/progenitor cells from DNA damage in the S-phasel8: 20-23 which
highlights the importance of genome maintenance in self-renewal as well as introducing a
new component to the repair of replicative DNA damage?3-2°. The connection between NS
and mammary tumors was raised in two studies® 26, One showed that its expression level
positively correlates with the tumorigenic activity of MMTV-wntl mammary tumor cells1®.
The other found that patients with NS-positive tumors experience shorter disease-free
survival than those with NS-negative tumors26. Based on these two reports, we hypothesize
that NS may offer a novel platform to elucidate the tumor-promoting aspect of genome
maintenance in breast cancer development.
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NS deletion compromises in vitro tumorigenesis and self-renewal of mammary tumor cells
isolated from the MMTV-wnt1 model

To develop a conditional strategy for NS deletion, we created an inducible CreER::NSfx/flx
(inNS°k) mouse model by breeding the tamoxifen (TAM)-inducible Cre (CreER) transgene
into the homozygous NSf¥/fIX hackground. The design of the NS allele, shown in Fig.1A,
has been used to study the NS deletion effect on embryogenesis!8. To determine the
functional importance of NS in mammary tumors, MMTV-wnt1::NS™*/fX mice were created
by breeding the MMTV-wnt1 transgene into the homozygous NS/ background, and then
intercrossed with inNSCK® mice to generate trigenic MMTV-wnt1::inNS°k mice. Mammary
tumor cells were harvested from female bigenic (MMTV-wnt1::NS™¥/fX) or trigenic
(MMTV-wnt1::inNS°K) mice, grown in suspension culture as tumor spheres, and treated
with increasing concentrations of TAM. Semi-quantitative RT-PCR assays confirmed that
TAM treatment induces a dose-dependent depletion of NS in inNSk° but not in NSfX/flx
mammary tumor spheres (Fig.1B). The effect of NS deletion on in vitro tumorigenesis was
determined by the sphere-forming efficiency of primary mammary tumor (MT) cells in
semi-solid culture. The number of spheres formed from inNS¢k% MT cells treated with TAM
at 0.1uM is significantly lower than the number of spheres formed from control DMSO-
treated inNSCKC cells (Fig.1C and 1D). Even though TAM alone can also decrease the sphere
formation of NSTX/fX MT cells, this effect is much smaller (~17% reduction) compared to its
effect on inNSk° cells (~79% reduction). In addition, inNSko MT cells display a lower
baseline sphere-forming activity compared to NSTX/fX cells even in the absence of TAM
(Fig.S1A). The decreased baseline activity of inNSk0 MT cells in sphere formation
correlates with their lower NS expression compared to NSTX/fx MT cells (Fig.1E, left). This
CreER-dependent decrease in NS baseline expression is not seen in non-mammary cells,
such as mouse embryonic fibroblast (MEF) cells (Fig.1E, right). To determine the role of NS
in the self-renewal of MT cells, primary tumor spheres were measured for their abilities to
form secondary tumor spheres. Our data showed that TAM treatment (0.1uM) significantly
decreases the 2"d sphere-forming efficiency of inNSCK® spheres, primarily those with
diameters larger than 50um (~46% reduction, Fig.1F). Unlike primary sphere formation, the
2"d sphere formation of NSX/fIX cells is not affected by the TAM treatment (Fig.1F, left),
and there is no decrease in the baseline self-renewal activity of inNSk° spheres compared to
NSX/fIx spheres (Fig.S1B).

Loss of NS reduces the in vivo tumorigenic activity of MMTV-wntl mammary tumor cells

To determine how importance NS is to tumor development in vivo, primary mammary tumor
spheres (NSf¥/fX or inNScko) were treated with DMSO or TAM (0.1uM) for 2 days,
dissociated, and grafted into the 41 inguinal mammary fat pads of nude mice at serial cell
densities. We chose sphere-enriched cells as the source for xenograft because they are
unaffected by TAM or CreER alone (Fig.1F). The number and size of mammary tumors
formed at the transplanted sites over time are shown by the XY scatter plot in Fig.2A. The
NSX/fIX groups (squares) were followed up for 8 weeks, and the inNSck® groups (circles)
were followed up for 11 weeks. Eight weeks after the transplantation, both DMSO-treated
and TAM-treated NS/ cells formed tumors = 0.5cm3 in diameter at the grafted sites (Fig.
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2B). The estimated tumor-initiating cell (TIC) percentage is comparable between these two
groups. While some tumors were formed in mice from DMSO-treated inNSCK cells within 8
weeks, none of them were larger than 0.5cm? in diameter at that time. At 11 weeks after the
transplantation, 8 tumors were grown to the size of 0.5cm? or larger in mice injected with
DMSO-treated inNS¢k© cells, but only 1 tumor did so in mice injected with TAM-treated
inNSCko cells. The estimated TIC percentage is 15-fold higher in DMSO-treated inNScko
cells compared to TAM-treated inNSCK® cells (Fig.2B). These data show that NS deletion
significantly reduces the in vivo tumorigenic activity of mammary tumor cells and that
tumors derived from inNSCK° cells display a slower growth rate compared to NST¥/fIX cells in
vivo even without the TAM pre-treatment.

Mammary tumor cells are protected by NS from replication-induced DNA damage

Mammary tumor cells were isolated from MMTV-wnt1::NS™/X tumors, grown in
monolayer culture, and treated with the scrambled (siScr) or NS-specific (SINS) RNA..
Western blots confirmed that siNS treatment allows a 90% knockdown of NS protein
compared to siScr treatment (Fig.3A). The in vitro tumorigenic activities of siScr and siNS-
treated cells were measured by their abilities to form mammary tumor spheres in suspension
culture. The results showed that NS depletion reduces the sphere-forming activity of these
cells by 55% (Fig.3B). The effect of NS knockdown (NSKD) primarily affects spheres with
diameters larger than 50um, consistent with the effect of NS conditional knockout (Fig.1F).
The DNA damage effect of NSKD on mammary tumors was shown by RNAi-mediated NS
depletion, which significantly increases yH2AX™* cells in mammary tumor spheres (Fig.3C).
To test whether NSKD-induced damage is related to genome replication, mammary tumor
spheres were dissociated, grown in monolayer culture, pulse-labeled with BrdU, and double-
stained with anti-yH2AX and anti-BrdU antibodies. In response to NSKD, 64.1% of the S-
phase cells show yH2AX™* signals, whereas only 14.8% of the non-S-phase cells are
yH2AX* (Fig.3D), indicating that NSKD increases the susceptibility to replication-
dependent DNA damage. As NSKD by itself increased spontaneous replication-dependent
DNA damage, we then asked whether overexpression of NS (NSOE) could protect
mammary tumor cells from drug-induced replicative DNA damage. Mammary tumor
spheres were transfected with the control, NS-expressing, or NSdB-expressing plasmid, and
measured for their sensitivities to hydroxyurea (HU) induced DNA damage. Our results
showed that wildtype NS can protect mammary tumor spheres from HU-induced replicative
damage, and so can NSdB (Fig.3E). NSdB is devoid of the N-terminal nucleolus-targeting
sequence and hence distributed exclusively in the nucleoplasm?’. In Fig.3C and 3E, we only
counted spheres with a diameter of around 100um to control the variable of sphere size.

Sphere-enriched tumor cells are less sensitive to hydroxyurea (HU) treatment but more
sensitive to NSKD than non-enriched mammary tumor (MT) cells.

Considering that tumor spheres are enriched in cells with basal-like properties and high NS
expression!®, we asked whether sphere-enriched (MTS) and non-enriched (MT) mammary
tumor cells respond differently to HU and NSKD treatment. For HU sensitivity, cells were
treated with 2mM HU for 24 hours, pulsed with 10uM BrdU for 1 hour before staining, and
quantified for DNA damage by anti-yH2AX and S-phase cells by anti-BrdU staining (Fig.
4A1). We discovered that HU treatment has a much smaller effect in inducing yH2AX* foci
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in MTS cells (0.2% of total) compared to MT cells (20.3%, p<0.001) (Fig.4A2). In the MT
culture, BrdU-labeled cells are much more susceptible to HU-induced DNA damage than
non-BrdU-labeled cells (Fig.4A3). Before HU treatment, MT and MTS cells show
comparable BrdU-labeling indices. After HU treatment, MT cells display a lower BrdU-
labeling index than do MTS cells (Fig.4A4). To corroborate the yH2AX finding using a
different DNA damage marker, we performed anti-phospho-ATR staining and obtained a
consistent result by counting p-ATR* cells (Fig.4B). One of the reasons that MTS cells are
more resistant to replicative damage than MT cells may be related to their NS expression
levels. To address this possibility, we showed that MTS cells express 50% more NS at the
RNA level and 70% more at the protein level compared to MT cells (Fig.4C). Contrary to
their response to HU, NS depletion significantly increases the yH2AX* cell percentage in
both MT and MTS cells, and that MTS cells are even more prone to the DNA damage effect
of NSKD than are MT cells (Fig.4D, left). The different sensitivities of MT and MTS cells
to the DNA damage effect of NSKD are not caused by differential KD efficiencies, as
demonstrated by western blots (Fig.4D, right). Interestingly, siNS-treated MTS cells show
much more yH2AX™ cells compared to siScr-treated MT cells, even though their NS protein
levels are comparable, suggesting that the basal subtype of breast cancers may be more
dependent on the NS function for genome maintenance than the luminal subtype.

MDA-MB-231 and CD44*CD24/°W/- MCF-7 cells show increased reliance on NS compared to
non-CD44*CD24'°W/- MCF-7 cells

To address the difference in NS reliance between the basal and luminal subtypes of breast
cancers, we tested the NSKD response of MDA-MB-231 and MCF-7 cells, which display
the basal or luminal characters, respectively. Western blots showed that growth arrest
induced by serum starvation for 6 days decreases the amounts of NS and Rad51 proteins and
increases the amount of Ku70 protein in both cell lines (Fig.S2A), consistent with the idea
that non-proliferative cells relies mainly on NHEJ for genome maintenance. NS-specific
RNAI treatment allows 90% knockdown of NS protein in both MCF-7 and MDA-MB-231
cells, but does not change the amount of Rad51 or DNAZ2 in either cell type (Fig.5A). A
CDA44/CD24-sorting paradigm has been widely used in multiple studies to purify mammary
cancer stem cells (MCSCs) from human breast cancer samples?® and breast cancer cell
lines29-31, Here we used this sorting scheme to subdivide MCF-7 and MDA-MB-231 cells
into the R1 (CD44*CD24!°%) and R2 (non-CD44*CD24!°%-) populations. FACS results
showed that the R1 and R2 populations constitute 20.0% (+0.4%) and 52.7% (x£2.1%) of
MCEF-7 cells, respectively (Fig.5B, left). In contrast, the R1 population makes up the
majority of MDA-MB-231 cells (>95%) (Fig.5B, right). Western blots showed no difference
in the NS protein amounts of the R1 and R2 of MCF-7 cells (Fig.5C). Yet these two
populations of MCF-7 cells exhibit very distinct sensitivities to NSKD, with the R1 being
much more sensitive to NSKD-induced DNA damage (26.0%) compared to the R2 (10.5%)
(Fig.5D). The different sensitivities of R1 and R2 to NSKD is not a result of different
proliferative activities, as both cells display equal sensitivities to HU-induced damage (44%
vs. 44% yH2AX* cells) and statistically indistinguishable cell cycle profiles (Fig.5E).
Because >95% of MDA-MB-231 cells fall within the R1 domain, we used unsorted MDA-
MB-231 cells to determine their susceptibility to NSKD and HU-induced DNA damage. Our
results showed that MDA-MB-231 cells resemble the R1 of MCF-7 cells in their DNA
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damage response to NSKD (28.9%) and show no difference from either the R1 or R2 of
MCEF-7 cells in their baseline or HU-induced yH2AX™* cells (Fig.5D). The R1 and R2
populations of MCF-7 cells show no significant cell-cycle perturbation in response to the
NSKD treatment, nor do they differ from each other (Fig. S3A), suggesting that cell cycle
stoppage is not a main contributor to this finding. Finally, we demonstrated that NSKD
creates physical breakage of DNAs in MDA-MB-231 cells, as measured by the increased tail
moment in the comet assay (Fig.5F). These data support that the basal subtype of breast
cancer cells is more reliant on NS for genome protection than the luminal subtype. Both cell
types respond similarly to increasing concentrations of HU In terms of DNA damage and
show no change in the protein levels of NS or RAD51 during HU treatment (Fig.S2B).

NS function has been previously linked to the p53 pathway32-34, and the p53 status in breast
cancer varies among different subtypes, with a mutation rate of 89.5%, 70.5%, and 17.8% in
the TNBC/basal-like, Her2, and luminal tumors, respectively, which is consistent with
MDA-MB-231 cells being p53-mutated and MCF-7 cells being p53-wildtype. We have
previously shown that NSKD triggers DNA damage independently of the p53 status in
isogenic MEF cells18, To address a similar question in breast cancer cells, we measured the
DNA damage effect of NSKD in BT-474 (p53-mutated luminal) and compared it with that in
MCF-7 (p53-wildtype luminal) and MDA-MB-231 (p53-mutated TNBC) cells. Our results
showed that the p53 status does not apparently determine the yH2AX response of breast
cancer cells to NSKD either (Fig.S3B).

Loss of NS leads to defective homologous recombination repair

The accumulation of DNA damage in NS-depleted cells may be the result of an increased
flux or a decreased repair of DNA damage. To differentiate these two possibilities, we
examined how NS perturbation affects the recovery of ionizing radiation (IR)-induced
lesions in MDA-MB-231 cells, as they displayed a high dependence on NS for genome
maintenance. Before IR treatment, siNS-treated cells show more p-ATM™* cells compared to
siScr-treated cells. IR treatment equalizes the amounts of DNA damage in both control and
NSKD cells to almost 100% within an hour, saturating the DNA damage flux in both groups.
In the course of 24 hours, 57% of the siScr-treated cells recover, whereas only 28% of the
siNS-treated cells do so (Fig.S4A). Conversely, the recruitment of RAD51 protein to IR-
induced foci is reduced in siNS-treated compared to siScr-treated MDA-MB-231 cells
(Fig.S4B). In gain-of-function studies, MDA-MB-231 cells expressing GFP-fused NS show
a faster recovery compared to cells expressing GFP at the 12-hour and 24-hour time points
after the IR treatment (Fig.S4C). These results support that NS is involved in promoting the
repair rather than reducing the source of DNA damage.

To explore the mechanism underlying the NS-promoted repair in breast cancers, we applied
the Gene Set Enrichment Analysis (GSEA) on the TCGA RNAseq database to determine
which of the 20,530 genes are co-enriched with NS in human BCA samples. HALLMARK
pathway analyses (h.all.v5.1.symbols.gmt, 50 pathways) revealed 9 positively co-enriched
gene sets and 11 negatively co-enriched gene sets above the set threshold for significance (p
< 0.05) (Fig.6A). Co-enrichment of NS with the MY C targets pathway (Fig.6B, right) is a
reassuring validation of this analysis, as previous studies have reported NS as a direct target
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of c-Myc35 36, The pathway relevant to genome maintenance is DNA Repair (Fig.6B, left).
To further dissect the connection between NS and various DNA repair pathways, we applied
the canonical gene set filter (c2.cp.v5.1.symbols.gmt) that contains 1,330 pathways of
smaller sizes., and showed that the Fanconi, mismatch repair (MMR), HR, and nucleotide
excision repair (NER) pathways are the only ones meeting the threshold for significance in
BCA samples (Fig.6C). The Notch and mTOR pathways show borderline significance
(Fig.S5A). We also performed GSEA on pathways co-enriched with NS using the TCGA
protein database (n=80), previously characterized by TCGA/CPTAC3’. The Hallmark
pathways identified as positively co-enriched with NS reiterate those identified based on the
RNAseq data (Fig.S5B). In addition, the apoptosis pathway shows up with the highest
negative NES score, indicating a role of NS in cell survival. Most importantly, NS is co-
enriched with more members in the HR pathway at a higher level (NES>6) compared to the
other three DNA repair pathways identified by the Canonical pathway analyses, indicating
that NS is more likely to be co-regulated, expression-wise, with HR repair genes than with
other DNA repair genes in mammary tumors in response to a persistent stress condition
(Fig.S5C).

To establish the NS function in HR repair, we used an I-Scel-based reporter cell line to
determine the NSKD effect on HR (DR-GFP). In addition to HR, I-Scel-induced double-
strand breaks (DSBSs) can also be repaired by classical non-homologous end-joining (C-
NHEJ), alternative NHEJ (Alt-NHEJ), or single-strand annealing (SSA), which can be
measured by the EJ5-GFP, EJ2-GFP, and SA-GFP models, respectively38-41 (Fig.6D).
Western blots confirmed the knockdown efficiency of siNS in the parental (U20S) cell line
(Fig.6E). In support of the GSEA findings, HR repair, as measured by the GFP* cell
percentage of I-Scel-transfected DR-GFP cells, is significantly decreased by NSKD by 51%
(siNS) (Fig.6F). In contrast, NSKD increases the GFP* cell percentage of I-Scel-transfected
EJ2-GFP cells by 2 folds and has no effect on EJ5-GFP or SA-GFP cells (Fig.6F). Next, we
compared the HR effects of NSKD, Exol knockdown (Exo1KD), and combined NSKD/
Exo0l1KD, as Exo1 is a key factor in HR initiation. Our results showed that NSKD reduces
the HR-based repair as much as Exo1KD does, and that a combined depletion of NS and
Exol does not further decrease HR (Fig.6G). For the EJ2-dependent repair, Exo1KD also
increases its activity as does NSKD, and the effects of Exo1KD and NSKD are additive (Fig.
6H).

NS predicts progression-free survival and synthetic lethality to gene inactivation or drug

treatment in

human triple-negative/basal-like breast cancers (TNBC)

To determine the clinical relevance of NS, we analyzed its expression in breast cancer
samples available through TCGA. Our results showed that NS is expressed at a higher level
in patients with TNBC compared to patients with luminal or HER2+ breast cancers (Fig.7A)
but does not vary among different tumor stages (Fig.7B). Within the TNBC population, NS
loss is associated with an increase in HR defect (HRD) score, which measures the amount of
genomic scars accumulated as a result of HR repair deficiency (Fig.7C). This finding is
consistent with the role of NS in promoting HR repair in breast cancers. Importantly,
patients with NS-high TNBC show worse prognosis compared to patients with NS-low
TNBC (Fig.7D, log-rank p=0.0018). The Cox proportional hazard model was used to control
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for tumor stage and showed that the level of NS expression is predictive of survival as
robustly as but independently of tumor stage (Fig.7E, p=0.0017). We then took advantage of
the recent ACHILLES genome-wide pooled CRISPR screening data in breast cancer cell
lines to explore the relative vulnerabilities of NS-high versus NS-low tumors. We
determined the Spearman correlation coefficient between NS expression levels and relative
changes in cell abundance following gene knockout and used the resulting gene lists for
GSEA. Negative NES values indicate synthetic lethality between NS-high cells and gene
knockout, whereas positive NES values indicate the opposite. This analysis showed that
blocking EGF signaling is synthetically lethal to NS-high breast cancer cells (Fig.7F). In
support, knockdown of ErbB2/3 or proteins downstream of the PI3K/mTOR pathway are
more deleterious to NS-high cells compared to NS-low cells (Fig.7G). Pharmacologically,
the NS-high cell lines are also more sensitive to pharmacological inhibition of the ErbB and
PI3K/mTOR pathways (Fig.7H).

DISCUSSION

The implication of NS in tumor development has been driven primarily by its increased
expression in multiple cancer types and its loss-of-function effect on the proliferation and
survival of cancer cell lines. In this study, we establish the functional importance of NS in
mammary tumor development in vivo. Our in vitro data reveal that NS depletion decreases
the number of large-sized spheres more than the number of small-sized ones. TCGA
analyses of human breast cancer samples determine that NS is expressed at a higher level in
the TNBC compared to the luminal or HER2* tumors. Notably, high NS expression shows a
strong correlation with low progression-free survival in TNBC, and the prognostic power of
NS is close to that of the current clinical staging system. In predicting progression-free
survival, NS operates independently of clinical stages, shown by the multi-variate survival
analysis of NS and stage and supported by the same NS expression levels in four stages of
breast cancers. Together, our data support that NS is involved in mammary tumor
progression and may serve a new prognostic marker for TNBC clinically.

To create a mammary tumor model with NS conditional-null capability, we chose the TAM-
CreER strategy based on the consideration of feasibility and efficiency in generating enough
female mice with triple genetic modifications. Although this strategy had worked in our
previous study!®, two background issues were encountered when being applied to mammary
tissues. First, TAM is an anti-cancer drug for ER* mammary tumors and may inhibit tumor
growth by itself. To avoid with this problem, we only used TAM transiently at a low dose
(0.1uM) to avoid the reported cytostatic and cytotoxic effects of TAM, which occur at the
2-100uM and >100uM concentration, respectively*2, We found that TAM by itself still has a
mild inhibitory effect on the growth of primary tumor spheres (~17% reduction, Fig.1D), but
has no effect on the formation of secondary tumor spheres (Fig.1F). The differential
response of primary versus secondary tumor spheres to low-dose TAM can be explained by
the preferential enrichment of basal-like cells over luminal cells via the sphere culturel® and
that basal-like cells are ER-negative and hence TAM-resistant. Second, even without the
TAM treatment, the CreER transgene itself decreases NS expression (~33% reduction, Fig.
1E) and hence the baseline tumorigenic activity (Fig.S1A). The background leakage in NS
deletion occurs mainly in mammary tissues and is more evident in the formation of primary
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spheres than secondary spheres (Fig.S1B). This leakage deletion of NS in mammary tumors
may be triggered by endogenous ligands for CreER, and the lack of CreER-dependent
background in sphere-enriched cells may be explained by less endogenous ligands or a
higher baseline expression of NS in the basal-like subpopulation of mammary tumor cells.
Interestingly, the in vivo tumor progression of sphere-enriched cells is still affected by the
CreER transgene even without the TAM treatment but not by the TAM treatment alone (Fig.
2), suggesting that these cells either are exposed endogenous ligands or undergo partial
differentiation after being grafted back into the mammary fat pad. Despite these two issues,
the NS-depleted groups invariably show significantly less tumors with smaller sizes
compared to their respective controls (~79% reduction).

The direct connection between NS and DNA damage response/repair was previously
implicated by its chromatin immunoprecipitation binding to DSB sites and its knockdown
effect on reducing RADS51 foci formation in embryos and regenerating hepatocytes?8: 20,
The involvement of NS in genome maintenance in response to a wide range of DNA damage
sources appears to converge on the HR repair pathway more so than on other DNA repair
mechanisms. We establish that the NS function in protecting breast cancer cells from
replicative DNA damage and that loss of NS perturbs HR-based repair but not that of C-
NHEJ or SSA. The involvement of NS in HR repair in human breast cancers is further
supported by its co-enrichment with multiple HR proteins in human breast cancers as well as
by the strong negative correlation between the NS expression and HRD score in TNBC.
Notably, NS-deficient EJ2-GFP cells display an increased repair. The increase in EJ2-
dependent repair by both NSKD and Exo1KD suggests that it may be a secondary event to
HR impairment. The additive effect of NS/Exol double-KD compared to single-KD
suggests that NS may also suppress Alt-NHEJ independently of its HR regulation. Since NS
does not increase the level of HR proteins, it may promote the HR machinery by regulating
their compartmentalization, recruitment to damage sites, and/or enzymatic activities. Further
investigation is required to understand the molecular detail of NS action.

Different subtypes of tumors may use different strategies to cope with genomic. Here, we
address the issue of tumor heterogeneity by comparing the NS reliance between: 1) sphere-
enriched vs. primary mammary tumor cells, and 2) CD44*CD24!°W- ys. non-
CD44*CD24!oW- MCF-7 cells vs. MDA-MB-231 cells. We found that sphere-enriched cells
are more resistant to HU-induced DNA damage compared to primary mammary tumor cells.
Sphere culture is known to enrich for NS-high cells with basal or stem cell-like properties!®.
Since sphere-enriched and primary mammary tumor cells show comparable levels of BrdU
incorporation and PCNA expression, their different sensitivities to HU treatment cannot be
explained simply by their S-phase cell percentages, as represented by the mitotic index. We
speculate that the higher HU resistance of sphere-enriched cells may be contributed by
multiple factors that include higher NS expression, more multidrug resistance gene
expression, as well as difference in cell cycle kinetics not revealed by the mitotic index. For
human breast cancer cell lines, we found that the R1 of MCF-7 cells are more reliant on NS
for genome maintenance compared to the R2, even though both of them express comparable
levels of NS, display similar cell cycle profiles, and are equally sensitive to HU-induced
DNA damage. Most of MDA-MB-231 cells are CD44*CD24!°W/- and resemble the R1 of
MCEF-7 cells in their NS dependence. The idea that basal-like breast cancers are more reliant
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on NS compared to luminal breast cancers is also supported by their higher NS expression in
patients’ samples. Finally, the DNA damage effect of NSKD does not depend on the p53
status, although the pathways by which cells choose to react to NSKD-induced DNA
damage are influenced by their p53 status34.

While the increased expression of NS in tumors suggests that it may act as an oncogene, its
ability to promote HR repair is reminiscent of the role of a tumor suppressor, as HR
deficiency is a known cancer-predisposing factor. The resolution of the seemingly
dichotomous roles of genome maintenance in tumor development may lie in the differences
in DNA damage types and their repair pathways. While some mutations may drive the
evolution of cancers, others (such as DSBs) may be detrimental to their survival. Recent
studies have indeed shown that HR deficiency can sensitize the already transformed tumors
to replicative and genotoxic stress at the late stage. On one hand, DNA repair proteins whose
loss of functions is relatively compatible with life may behave like tumor suppressors. On
the other hand, DNA repair proteins whose loss of function is definitely incompatible with
life may act like oncogenes. Since tumors evolve over time, they may also develop an
essential reliance on certain genome maintenance programs to help them avoid catastrophic
genomic damage. We propose that NS serves as a compensatory mechanism essential for the
survival of tumors as they progress. Assuming this to be correct, one may infer that NS-
enriched tumors should be less responsive to chemotherapies than NS-deficient tumors and
that NS-targeting therapies might render chemo-resistant tumors to become chemo-sensitive.
Our genome-wise synthetic lethal screens support this idea by showing that NS-high breast
cancers are more resistant to knockdown of genes involved in cell cycle checkpoint
regulation compared to NS-low tumors. Conversely, NS-high breast cancers are predicted to
be more sensitive to knockdown of the EGF pathway as well as to drugs that inhibit EGFR
and PI3 kinase, compared to NS-low breast cancers.

In conclusion, this work establishes the importance of NS in breast cancer development in
vivo and reveals the tumor-promoting side of a HR-related genome maintenance mechanism.
It also indicates that some breast cancers (e.g. TNBC) may adapt to the hyperactive mitotic
state of malignancy by ramping up the NS program to compensate for pre-existing HR
deficiency and hence minimizing catastrophic damage caused by replication stress and drug
treatment.

MATERIALS AND METHODS

Animal care and procurement

All animals were housed by the Program for Animal Resources at the TAMHSC-Houston
campus, handled in accordance with the principles described by the Guide for the Care and
Use of Laboratory Animals, and approved by the institutional IACUC.

Tumor spheres in semi-solid and suspension culture

To grow tumor spheres in suspension, dissociated cells were harvested from MMTV-wnt1
tumors, plated on ultra-low attachment plates in supplemented DMEM/F12. To grow tumor
spheres in semi-solid culture, 0.6% low melting-point agar in DMEM/F12 was plated at the
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bottom of 24-well plate. Three biological and two technical replicates were analyzed by two-
sided t-test.

In vivo tumorigenic assay

Cells were isolated from MMTV-wntl tumors, grown in spheres, and plated on monolayer
culture for TAM treatment. Cells were dissociated, resuspended at serially diluted densities,
randomly injected into the 4! inguinal mammary fat pads of 6-8 week-old athymic nude
female mice, and tallied at 8 and 11 weeks. Sample size for injection was estimated at 7-9
for each cell density, totaling 28-36 for each cell group.

Comet assay

DNA strand breaks were analyzed by using the alkaline CometAssay kit (Trevigen,
4250-050-K). The amounts of DNA damage were quantified by the tail moments of > 100
cells per slide using the CometScore software and analyzed from four biological replicates.

TCGA, Gene Set Enrichment Assay (GSEA), and HRD

Processed RNAseq-based gene expression data were acquired through the GDC data portal.
Proteomic data were acquired from CPTAC3’. Genomic homologous recombination defect
(HRD) scores were obtained based on the methods described previously*3 44, All other data
were acquired through cBioPortal#®. Correlations between genomic HRD score and NS
expression were determined based on the Spearman correlation coefficient. For survival
analysis, patients were stratified into high-NS (highest 33% of samples) and low-NS (bottom
66% of samples).

Synthetic lethal and pharmacological inhibitor analyses

Cell line gene expression data were acquired from the Cancer Cell Line Encyclopedia“®.
Genome-wide pooled CRISPR screen results, calculated by the CERES method, were
acquired from ACHILLES. Pharmacological screening data were acquired from CTRPv24/.
For validation of these findings with pharmacological inhibitors, cells were stratified using
the same thresholds and quantified using area under the curve (AUC) values from drug
response data in CTRPv2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Nucleostemin (NS) deletion compromises in vitro tumorigenesis and self-renewal of

MMTV-wntl mammary tumor cells.

(A) Schematic diagram of NS-floxneo (NSX€0) and NS-flox (NSX) alleles (top panel).
Black bars, exons; black arrowheads, loxP; grey arrowheads, Frt; pgk-neo, neomycin-
resistance cassette; arrows, PCR primers; Pol-11, RNA polymerase-Il. (B) Semi-quantitative
RT-PCR of NS expression in MMTV-wnt1::NST¥/fX or MMTV-wnt1:: CreER::NSfIX/flx
(inNS°k%) mammary tumor spheres grown in suspension with different concentrations of
tamoxifen (TAM). Rplp0, ribosomal protein PO. (C, D) DIC images and quantifications of
primary sphere formation from MMTV-wnt1::NS/fX or MMTV-wnt1::inNS®® mammary
tumors grown in semi-solid culture with TAM (0.1uM) or without (DMSO). Scale bar,
300um. (E) qRT-PCR of baseline NS expression in mammary tumor (MT) cells (MMTV-
wntl::NSXfX or MMTV-wnt1::inNS°) and mouse embryonic fibroblast (MEF) cells
(NS¥fIX or inNSCko)  (F) Secondary sphere formation from primary tumor spheres in
floating culture. Bar graphs, meantsem; p values (two-sided t-test): <0.01 (*), <0.001 (**),
and <0.0001 (***).
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Figure2.
Loss of NS decreases tumor formation of transplanted MMTV-wntl mammary tumor cells

in vivo.

(A) The number and size of mammary tumors formed at the grafted sites over time by the
XY scatter plot. X-axis shows the time (in weeks) after transplantation; Y-axis shows the
volume (in cm3) of individual tumors. (B) Tumor incidences (numerator) from 7-9
transplanted events (denominator) tallied at 8 or 11 weeks for mice injected with NSfX/flx o
inNSCko mammary tumor cells, respectively. Frequencies of tumor-initiating cells (TIC%)
were calculated by serial transplantation.
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Figure 3.
NS protects mammary tumor cells from replication-induced DNA damage.

(A) Western blots of RNAi-treated MMTV-wnt1::NSX/fX mammary tumor cells in
monolayer culture. a-tubulin, a-Tub. (B) DIC images and quantifications of tumor spheres
from RNAi-treated cells in suspension culture. Y-axis shows the number of spheres per 10°
plated cells. (C) RNAi-treated mammary tumor spheres labeled with anti-yH2AX antibody
(red), anti-NS (green) antibody, and Topro-3 (blue). (D) Quantification of yH2AX* cells in
the BrdU* (S) and BrdU~ (non-S) subpopulations of RNAi-treated MMTV-wnt1 tumor cells
dissociated from spheres and grown in monolayer culture. (E) Mammary tumor spheres
transfected with control (Ctrl), NS-wildtype, or NSdB plasmid and examined for their DNA
damage responses to hydroxyurea (HU) (2mM, 24h). Scale bars, 100um (B) and 20um (C,
E).
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Figure 4.
Sphere-enriched mammary tumor cells (MTS) are more sensitive to NS knockdown (NSKD)

and less sensitive to HU treatment compared to non-enriched MT cells.

(A) DNA damage responses of MT and MTS cells to HU treatment by anti-yH2AX staining
(red) and their mitotic indices by BrdU labeling (green). yH2AX™ cells were measured in
percentages of total (A2) or BrdU* vs. BrdU™ cells (A3). BrdU* cells were measured in
percentages of total (A4). (B) DNA damage responses of MT and MTS cells to HU
treatment by anti-phospho-ATR staining (red). (C) RT-PCR of NS expression in MT and
MTS cells (left). Western blots of NS protein in MT and MTS cells with or without HU
treatment (right). (D) Anti-yH2AX staining and western blots of NS and yH2AX proteins in
RNAi-treated MT and MTS cells. Scale bars, 50um (A, B).
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Figure5.

CDA44/CD24-sorted MCF-7 and MDA-MB-231 cells display differential sensitivities to
NSKD-induced DNA damage.

(A) Western blots of NS, Rad51, and DNAZ2 in control (siScr) and NSKD (siNS) MCF-7 and
MDA-MB-231 cells. (B) CD44/CD24 sorting of MCF-7 and MDA-MB-231 cells into a
stem/basal-like population (CD44*CD241°W/- R1) and the remaining population (R2). (C)
Western blots of NS protein (Ab138) in the R1 and R2 of MCF-7 cells. dNS, degraded
products of NS. (D) DNA damage response of the R1 (grey) and R2 (red) of MCF-7 cells
and unsorted MDA-MB-231 cells (black) under the control, NSKD, and HU treatment
conditions. (E) Cell-cycle analyses of the R1 and R2 of MCF-7 cells. (F) DNA tail moments
of RNAi-treated MDA-MB-231 cells by the comet assay. Scale bar, 20um.
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Figure 6.

NS co-enrichment with DNA repair proteins in human breast cancers and its function in
promoting HR repair of double-strand breaks (DSBSs).

(A) Top-ranked HALLMARK Pathways with positive (NES>1.5) or negative (NES<-1.5)
co-enrichment with NS and p values <0.05 by GSEA. X-axis shows NES (-3 to 3); color
scheme depicts FDR g values (0 to 0.4); numbers indicate the set size. (B) Enrichment plots
for DNA repair (left) and MYC targets (right). (C) Canonical Pathway Analysis of RNAseg-
based NS co-enrichment with specific DNA repair pathways in breast cancers. (D)
Schematic diagrams of I-Scel-based DSB repair models. (E) Western blots of RNAI-
mediated NSKD. (F) Effect of NSKD on HR, C-NHEJ, Alt-NHEJ, and SSA repair by the
DR-GFP EJ5-GFP, EJ2-GFP, and SA-GFP assays, respectively. (G) Effects of NSKD and/or
Exol1KD (siExol) on HR repair by the DR-GFP assay. (H) Effects of NSKD and/or
Ex01KD on Alt-NHEJ repair by the EJ2-GFP assay. ES, enrichment scores; NES,
normalized ES; FDR, false discovery rate.
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Figure7.

NS predicts HR defects, progression-free survival, and synthetic lethality or viability in
triple-negative/basal-like breast cancers (TNBC).

TCGA analyses of RNAseq-based NS expression by breast cancer subtypes (A) or stages
(B). Significance by Wilcoxon rank-sum test (A) or Kruskal-Wallis H test (B). Numbers in
parentheses show sample sizes. (C) HR defect scores plotted against RNAseqg-based NS
expression in TNBC. Line represents the linear regression line; shaded region shows 95%
confidence interval; each dot represents an individual patient (n=148). Correlation
coefficient (r) and significance (P) by Spearman correlation analysis. (D) Progression-free
survival of TNBC with NS-high and NS-low expression by the Kaplan Meier plot (n=149).
High NS is defined as the upper tertile of NS expression and the remaining two-thirds is
defined as low NS. Significance by log-rank test. (E) Multi-variate survival analysis of NS
and stage in TNBC by the Cox proportional hazards model. (F) GSEA of correlation
between NS expression and reduction in viability in breast cancer cells from the genome-
wide ACHILLES CRISPR knockdown screen. Table lists top-ranked Reactome pathways
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whose knockdown shows synthetic viability (NES>0) or lethality (NES<0) with NS-high
breast cancers. (G) Relative viability of NS-high vs. NS-low breast cancer cells following
knockout of ERBB2/3, PIK3CA, or RICTOR. NS-high and NS-low are defined as 1 SD
above and 0.5 SD below the mean, respectively. (H) Relative viability of NS-high vs. NS-
low breast cancer cells following treatment with EGFR/ERBB2 or PI3K inhibitors from
CTRPv2, as quantified by area under the curve (AUC) following dose-dependent treatment.
Lower AUC values indicate increased sensitivity. Error bars, mean+SD; *, p<0.05; **;
p<0.01; ***, p<0.001; **** p<0.0001; n.s., not significant; Haz, hazard ratio; PTM, post-
translational modification.
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