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Blocking LBH expression causes replication stress and sensitizes

triple-negative breast cancer cells to ATR inhibitor treatment
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Triple-negative (ERPR'HER2") breast cancers (TNBC) are highly aggressive and difficult to treat. TNBC exhibit high genomic
instability, which enables them to adapt and become resistant to chemo/radiation therapy, leading to rapid disease relapse and
mortality. The pro-survival factors that safeguard genome integrity in TNBC cells are poorly understood. LBH is an essential
mammary stem cell-specific transcription regulator in the WNT pathway that is aberrantly overexpressed in TNBC, correlating with
poor prognosis. Herein, we demonstrate a novel role for LBH in promoting TNBC cell survival. Depletion of LBH in multiple TNBC cell
models triggered apoptotic cell death both in vitro and in vivo and led to S-G2M cell cycle delays. Mechanistically, LBH loss causes
replication stress due to DNA replication fork stalling, leading to ssDNA breaks, yH2AX and 53BP1 nuclear foci formation, and
activation of the ATR/CHK1 DNA damage response. Notably, ATR inhibition in combination with LBH downmodulation had a
synergistic effect, boosting TNBC cell killing and blocking in vivo tumor growth. Our findings demonstrate, for the first time, that
LBH protects the genome integrity of cancer cells by preventing replicative stress. Importantly, they uncover new synthetic lethal
vulnerabilities in TNBC that could be exploited for future multi-modal precision medicine.
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INTRODUCTION

Triple-negative breast cancer (TNBC) is a highly aggressive and
treatment-resistant breast cancer subtype that disproportionally
contributes to cancer deaths, especially in young women [1]. TNBC
patients have few treatment options, as their cancers lack
expression of targetable markers, i.e., estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth factor
receptor 2 (HER2) [1]. The mainstay of treatment remains
chemotherapy [2] to which >50% of TNBC patients show either
de novo or acquired resistance, leading to early relapse, distant
metastasis, and often death within 3-5 years of diagnosis [3, 4].
Thus, novel molecular targets and treatments are needed.

TNBC tumors exhibit high genomic instability due to frequent
loss-of-function mutations in genome caretaker genes, i.e.,, TP53,
and DNA repair enzymes, BRCA1/2, RAD51C, and PALB2 [5-9],
contributing to their heterogeneity and ability to rapidly adapt
and develop resistance to therapy. Additionally, TNBC display
gains/amplifications of oncogenes, i.e, MYC, PI3KCA, EGFR [8, 9],
and high proliferation rates [1], which makes it further challenging
to safeguard the genome. The pro-survival factors that protect
TNBC cells from genomic stress remain poorly understood.
Identification of these factors is an unmet medical need, as they
may represent an ‘Archilles heel’ that could be exploited
therapeutically for the development of more efficient treatments
for TNBC, and/or for overcoming resistance to genotoxic chemo/
radiation therapy.

Our prior work identified Limb-Bud and Heart (LBH), a
vertebrate-specific transcription regulator in the WNT/B-catenin
signaling pathway [10-13]. LBH is implicated in normal adult
breast stem cell regulation [13], progenitor cell proliferation,
differentiation and cell migration during embryonic development
[14-17], cell cycle control [18-20], angiogenesis [15, 21], auto-
immunity [19, 20], and inner ear hair cell survival [22]. Deregula-
tion of LBH is observed in many cancers [12, 18, 21, 23-26], and
has context-specific function, acting as an oncogene in breast
[12, 27], gastric [25] and brain cancer [21, 28], and as a tumor
suppressor in nasopharyngeal [18] and lung cancer [24]. In breast
cancer, LBH is predominantly expressed in high-grade, basal-like
TNBC [12], correlating with early disease relapse and resistance to
chemotherapy. In contrast, LBH is under-expressed in treatable,
lower-grade ER' luminal breast cancers compared to normal
breast tissue and lacking in ER* luminal breast cancer cell lines
[12, 26, 29]. Notably, LBH is specifically expressed in CD44+CD247°%
breast cancer stem cells [30], which are enriched in TNBC [31, 32],
and show increased resistance to chemo/radiation therapy
[33, 34], suggesting a potential contribution of LBH to survival
under genotoxic stress.

In this study, we discovered that depletion of LBH was sufficient
to promote genomic instability and TNBC cell death due to
increased replication stress, triggering an ATR DNA damage
response. Importantly, LBH downmodulation sensitized TNBC cells
to ATR inhibitor (ATRi) treatment and synergized with ATRi to
enhance TNBC cell killing, blocking in vivo tumor growth. Our
findings identify LBH as a potent pro-survival factor in TNBC that
protects cancer genome integrity, as well as uncover a new
synthetic lethal therapeutic opportunity for hard-to-treat TNBC.

RESULTS

LBH depletion in TNBC cells induces apoptotic cell death

To study the effects of LBH on TNBC cell survival, we depleted LBH
in three different TNBC lines (MDA-MB-231, HCC1806, and
HCC1395) using RNAi. Transient knockdown (KD) of LBH with
two independent siRNAs (KD1 and KD2) reduced LBH expression
at the mRNA and protein levels by 65-90% relative to a non-
targeting siRNA sequence (NT) used as control (Fig. 1A, B). MTS
assays showed that LBH depletion with KD1 and KD2 significantly
reduced cell viability in all three TNBC lines (Fig. 1C). Since KD2
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outperformed KD1 in reducing cell viability and showed less
residual LBH expression, KD2 siRNA (hereafter referred to as KD)
was used in subsequent experiments.

To determine if reduced viability of LBH KD cells was due to
increased cell death, we performed flow cytometry for the
apoptosis marker, Annexin-V. LBH depletion significantly induced
apoptosis in TNBC cells, as both early apoptotic (Annexin-V single
positive/Q4) and late apoptotic (Annexin-V/P| double positive/Q2)
cells were increased in LBH KD compared to NT control cells (Fig.
1D). Notably, LBH KD caused a significant increase in cleaved
caspases 3/7 activity (Fig. 1E), which is a rate limiting step in the
irreversible activation of programmed cell death. Moreover,
Western blot analysis showed that hallmark pro-apoptotic
markers, cleaved PARP, cleaved caspase-3, and BAX, were
markedly increased, whereas anti-apoptotic markers, Bcl-2, and
Bcl-XL, were decreased upon LBH loss (Fig. 1F). Thus, LBH
deficiency causes apoptotic cell death.

Since LBH overexpression in other cancer types has been shown
to activate survival pathways, i.e., AKT and MAPK signaling [21, 25],
we next examined expression and phosphorylation status of
survival proteins. However, the active, phosphorylated forms of
these proteins, p-AKT, p-MAPK-38 (p38), and p-ERK, were up-
regulated or unaffected rather than down-regulated in LBH KD
cells (Fig. S1), indicating that the increased apoptosis upon LBH
loss was not due to impaired survival signaling. Together these
results demonstrate that depletion of LBH induces TNBC cell
death, implying a critical function of LBH in maintaining TNBC cell
survival.

LBH loss results in S-G2/M cell cycle delays and DNA
replication stalling

To identify the causes of programmed cell death triggered by LBH
downmodulation, we evaluated cell cycle progression in LBH KD
MDA-MB-231 and HCC1806 cells. FACS analysis showed that LBH
KD TNBC cells were attenuated in S and G2/M phase when
compared to NT controls (Fig. 2A, B). EAU Click iT assays further
revealed that upon LBH KD, DNA incorporation of EdU was
significantly less during early-S and accumulated in late-S phase
(Fig. 2C, D), suggestive of delayed DNA replication. Western Blot
analysis of cell cycle markers also showed that LBH KD cells were
halted in S-phase, as Cyclin A2, which promotes replication origin
firing, and phospho-CDK2, which sustains the cell cycle in S phase
to complete replication [35, 36], were increased (Fig. 2E, F). In
contrast, expression of G1 and G2 cyclins, Cyclin D1 and Cyclin B1,
respectively, was unchanged (Fig. 2E, F). Thus, depletion of LBH
arrests cell cycle progression of TNBC cells specifically in S-phase
due to under-replication of DNA.

To determine if cell death induced by LBH loss was dependent
on the observed cell cycle arrest, we evaluated cell cycle profiles,
in parallel, with cleaved caspase apoptosis assays at different
time points after LBH knockdown (Fig. S2). In both MDA-MB-231,
and HCC1806, LBH KD cells started to accumulate in S and G2/M
phase as early as 24 h after transient transfection with LBH siRNA
compared to NT transfected cells (Fig. S2A, B, D, E). However, cell
death increases became noticeable only 60-72 h after LBH KD
(Fig. S2C, F). Hence, cell death upon LBH loss occurs after cell
cycle arrest.

Since  DNA replication is the rate limiting step in S/G2
progression, we performed DNA fiber assays to measure replica-
tion fork progression. Control and LBH-depleted MDA-231 or
HCC1806 cells were sequentially pulsed for 20 min each with CldU
and IdU, followed by immunofluorescence detection. The fork
speed was calculated as shown in Fig. 2G. The average length of
red CldU and green IdU-labeled DNA fibers was visibly shorter in
LBH KD TNBC cells (Fig. 2G, left images). Notably, the average fork
progression speed in LBH KD cells was 70% lower than in NT
control cells (Fig. 2G, right), indicative of DNA replication fork
stalling.
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Fig. 1 LBH silencing in TNBC cells induces apoptotic cell death. Transient LBH knockdown (KD) in TNBC cell lines, MDA-MB-231, HCC1806,
and HCC1395, with two individual siRNAs (KD1 and KD2). A non-targeting siRNA (NT) was used as control. Levels of LBH mRNA (A) and protein
(B) were measured by RT-qPCR and Western blot analysis, respectively. Actin served as loading control. C MTS assays showing normalized cell
viability. D Representative Annexin-V FACS plots (left), with quantification of Annexin-V' cells (right), show increased apoptosis in LBH KD
compared to NT control cells. Propidium lodide (Pl) was used as DNA stain. E Bar graphs showing normalized caspase 3/7 (Casp 3/7) activity.
F Western blot analysis of pro-apoptotic (CI-PARP, Cl-Caspase-3, and BAX) and anti-apoptotic (Bcl2, Bcl-XL) markers. Error bars represent the
mean * s.e.m. (n = 3 biological replicates). *P < 0.05; **P < 0.01; and ***P < 0.001 (two-tailed Student’s t-test in A, D, E; one-way ANOVA in C). All
experiments were repeated three times.
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During DNA replication, the exposed single strand DNA
(ssDNA) at replication forks is coated with single strand binding
protein RPA32 to protect from degradation and to facilitate
gap filling during the discontinuous synthesis of the lagging
strand [37]. Replication fork stalling causes RPA32 phosphor-
ylation at Ser4/8, which acts as a sensor of replication stress
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[38-40]. We examined RPA32 expression by confocal immuno-
fluorescence and its phosphorylation status by Western Blot
analysis. Both RPA32 genome occupancy (Fig. 2H), and RPA32
phosphorylation (Fig. 2I) were markedly increased in LBH KD
cells compared to NT control cells, consistent with increased
replication stress.
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Fig. 2 LBH silencing causes S-G2/M cell cycle delays and DNA replication stalling. Representative cell cycle histograms (left) and stacked
percentage bar graphs (right) showing quantitative changes in cell cycle phase distribution upon LBH KD in MDA-MB-231 (A) and HCC1806 (B)
TNBC cells. C, D Representative EdU Click-iT FACS plots showing active DNA replication by modified EdU nucleotide incorporation in the
indicated TNBC lines (left). Quantification of total EdU-positive cells during early, mid-, and late S phase (right). Western blot analysis of cell
cycle markers in LBH-deficient MDA-MB-231 (E) and HCC1806 (F) cells. G DNA fiber assays. Top: schematic representation of experiment with
timeline for pulse labeling with two different modified nucleotides (CldU and IdU). Bottom: Representative confocal immunofluorescence
images of DNA fiber tracks (left) displaying fork speed differences in LBH KD compared to NT control cells. Scatter dot plots (right) quantifying
the fork speed in um/min (N =50 random tracks from n =3 samples/group were scored). H Representative confocal immunofluorescence
images of RPA32 expression. Single nucleus zoomed inserts displaying RPA32 nuclear foci formation in LBH KD compared to NT control cells.
DAPI was used as nuclear counter stain. Scale bars, 20 pm. | Western blot showing RPA32 expression and its activated phosphorylated form
(red arrows). Error bars represent the mean + s.e.m. (n = 3 biological replicates). *P < 0.05; **P < 0.01; and ***P < 0.001; ns not significant (two-
tailed Student’s t-test). All data are representative of experiments repeated three times.

Overall, these results indicate that LBH is required for normal
DNA replication progression, and its depletion causes replication
fork stalling and replicative stress, leading to S-G2/M cell cycle
delays and increased cell death.

LBH loss induces DNA damage

Accumulation of ssDNA due to fork stalling and replicative stress
can cause ssDNA breaks, leading to DNA damage [40, 41]. We
used the alkaline comet assay to visualize ssDNA breaks and
found that LBH KD increased the number of comet tail-positive
nuclei and olive tail movement in both MDA-MB-231 and
HCC1806 TNBC cells (Fig. 3A, B). Sustained ssDNA damage
triggers the phosphorylation and recruitment of DNA damage
markers, yH2AX and 53BP1, to sites of DNA damage within
minutes. We found that LBH depletion resulted in a drastic
increase in both yH2AX, and p-53BP1 nuclear foci formation
(Fig. 3C). In addition, yH2AX protein levels were increased in LBH
KD compared to NT control cells (Fig. 3D). We next performed
FACS analysis to quantify yH2AX-positive cells during cell cycle
progression (Fig. 3E-H). The total number of yH2AX™ cells was
significantly increased in LBH KD compared to control cells
(Fig. 3G, H - left panels). Overlay with EdU cell cycle
profiles revealed that this increase occurred mostly in S-phase
(Fig. 3E, F, G, H - right panels). From this data it is evident that
LBH loss triggers ssDNA damage in TNBC cells leading to active
recruitment of DNA damage markers.

LBH loss activates the ATR/CHK1 DNA damage response

It has been established that replication stress and ssDNA breaks
mainly activate the ATR/CHK1 DNA repair pathway, while dsDNA
breaks activate the ATM/CHK2 pathway [42, 43]. To investigate the
pathways that are activated to resolve the DNA damage caused by
LBH loss in TNBC cells, we examined both the ATR and ATM DNA
damage response (DDR). Confocal (Fig. 4A, B) and Western blot
analysis (Fig. 4C) showed that LBH loss in MDA-MB-231 and
HCC1806 cells increased genome occupancy and levels of
phospho-ATR, and its substrate, phospho-CHK1. Moreover, phos-
phorylated ATRIP, which recruits ATR to DNA damage sites
[42-45], was increased relative to total ATRIP protein. In contrast,
phospho-ATM, and its substrate, phospho-CHK2, over their total
forms did not change, and no nuclear foci formation by these
proteins was observed (Fig. 4D, F).

To investigate the functional significance of these findings, we
performed ATR and ATM inhibition studies in the MDA-MB-231
TNBC model with LBH KD (Fig. 4G, H). Addition of the ATR inhibitor
AZD6738 reduced the ICsq of LBH KD cells by over 60-fold
compared to control cells (Fig. 4G), suggesting that LBH KD
sensitizes TNBC cells to ATR inhibition. In contrast, we observed
only moderate shifts in IC5q concentrations when LBH KD MDA-
MB-231 cells were treated with the ATM specific inhibitor KU55933
(Fig. 4H). Together these data demonstrate that LBH loss
specifically activates the ATR/CHK1 ssDNA damage response and
renders TNBC cells responsive to ATR inhibition, uncovering a
potential novel targetable approach.
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ATR inhibition synergizes with LBH knockdown to induce
TNBC cell lethality

Based on the foregoing, we hypothesized that targeting the ATR
pathway with clinically established inhibitors might act synergis-
tically with LBH downmodaulation to reduce TNBC cell survival. The
ATR inhibitor AZD6738 (ceralasertib) is used in phase Il clinical
trials for solid tumor metastatic cancers [45], including BRCA1/2-
mutated breast cancer and metastatic TNBC (https://
www.clinicaltrials.gov/NCT04090567; NCT05582538;
NCT03801369), with little toxicity and side effects [46, 47]. Hence,
we used AZD6738 in all subsequent studies to block ATR
activation triggered by LBH loss.

While ATR inhibition (ATRi) alone had little effect on viability of
control NT-transfected MDA-MB-231 and HCC1806 cells, AD6738
treatment in LBH KD cells drastically reduced viability, and to a greater
extent than LBH KD alone (Fig. 5A, B). Moreover, ATRi in combination
with LBH KD increased caspase 3/7 activity (Fig. 5C, D), and apoptosis
rates, as measured by Annexin V FACS (Fig. 5E, F), more significantly
than observed for either treatment alone. Similarly, upregulation of
pro-apoptotic markers, cleaved PARP, and cleaved caspase 3, in LBH
KD cells was enhanced by AD6738 treatment, whereas anti-apoptotic
proteins, Bcl-2 and Bcl-XL, were further decreased (Fig. 5G, H).

To unequivocally test whether LBH KD and ATRi act synergis-
tically in promoting TNBC cell death, we established the individual
dose-response matrixes for each TNBC line testing pairwise
combinations of increasing concentrations of LBH siRNA and six
doses of AD6738 (Fig. 5I; Fig. S3A-F). Calculation of the synergy
distribution for each combination using SynergyFinder confirmed
that LBH KD and ATRi had synergistic effects in both MDA-MD-231
and HCC1806, although the concentrations of LBH siRNA and
AZD6738, when synergy was achieved, varied (Fig. 5I; Fig. S3C-F).
These results reinforce the notion that LBH downmodulation in
combination with ATRi may represent a viable new therapeutic
strategy to effectively induce TNBC cell killing.

ATR inhibition exacerbates genome instability induced by
LBH loss

ATR activation normally facilitates DNA repair, and ATR inhibition
results in the accumulation of DNA damage [45]. Thus, we also
characterized the effects of LBH KD and ATR inhibition on genome
stability. Comet assays revealed that AZD6738 treatment sig-
nificantly increased DNA damage in LBH KD TNBC cells compared
to LBH KD or AZD6738 treatment alone (Fig. 6A, B). Western Blot
analysis confirmed that AZD6738 successfully blocked activation
of the ATR-CHK1 ssDNA damage response in LBH KD cells (Fig. 6C,
D). We further investigated the accumulation of replication stress-
induced DNA damage upon ATRi by examining the expression of
yH2AX and phosphorylated RPA32. Both markers were signifi-
cantly increased upon AZD6738 treatment compared to LBH KD
without ATRi (Fig. 6E, F). Confocal analysis, moreover, showed
profound increases in yH2AX- and p-53BP1-positive DNA damage
foci in AZD6738 treated LBH KD cells (Fig. 6G, H). These results
demonstrate that the ssDNA damage induced by LBH KD is
exacerbated by ATR inhibition.
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Fig. 3 LBH silencing in TNBC cells increases genome instability and DNA damage. Alkaline comet assay showing increased ssDNA strand
breaks upon LBH KD in MDA-MB-231 (A) and HCC1806 (B) cells compared to NT control cells. Representative images showing DNA comet tail
formation (white arrows; left panels), with quantification of olive tail movement (right) (N = 50 random nuclei from n = 3 samples/group were
scored). C Representative immunofluorescence images, with single nuclei close-ups (insets), showing expression and nuclear foci formation of
DNA damage markers, yH2AX and p-53BP1. DAPI served as nuclear counter stain. Scale bars, 20 ym. D Western blot showing increased yH2AX
protein levels upon LBH KD. E, F Representative FACS plots of yH2AX-positive cells (red) overlayed with EdU cell cycle profiles.
G, H Quantification of total yH2AX+ cells (left) and their distribution during the cell cycle (right). Error bars represent the mean +s.em. (n =3
biological replicates). **P < 0.01; ***P < 0.001; ns not significant (two-tailed Student’s t-test).
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Fig. 4 LBH silencing activates the ATR/CHK1 DNA damage response. Representative immunofluorescence images showing expression of
p-ATR (A) and p-CHK1 (B) relative to DAPI in MDA-MB-231 and HCC1806 cells with LBH KD compared to NT control cells. Single nucleus
zoomed inserts display p-ATR and p-CHK1 nuclear foci formation. Scale bars, 20 um. € Western blot showing expression levels of
phosphorylated versus total ATR, CHK1, and ATRIP proteins. Representative immunofluorescence images showing expression of p-ATM (D) and
p-CHK2 (E) relative to DAPI in TNBC cells. Scale bars, 20 um. F Western blot showing the levels of phospho- vs. total ATM and CHK2 proteins in
LBH KD compared to NT control cells. G, H Dose dependent sigmoidal graphs and ICs, values display the effects of ATR (AZD6738) and ATM
(KU55933) specific inhibitors in LBH KD compared to NT control MDA-MB-231 cells. Error bars represent the mean £ s.e.m. (n =5 biological
replicates).

LBH depletion synergizes with ATR inhibition to suppress in therapy options are limited. Hence, we next examined the
vivo TNBC tumor growth potential synergistic effects between LBH KD and ATRi on
A major aim of this study was to identify new treatment strategies in vivo TNBC tumor growth. For these studies we generated

to more effectively control aggressive TNBC cancers, for which orthotopic TNBC tumor models by inoculating MDA-MB-231 and
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HCC1806 cells that were stably transduced with validated LBH-
targeted shRNA (shKD) or a non-target shRNA (shCtrl) (Fig. S4A, B)
into NOD-SCID IL2Rgamma™~ (NSG) mice, as indicated in the
experimental outline (Fig. 7A).
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While AZD6738 treatment alone had no or only a modest effect
in reducing in vivo tumor growth of shCtrl-transduced MDA-MB-
231 and HCC1806 control cells (Fig. 7B-G), LBH KD, and more
profoundly, LBH KD in combination with ATRi significantly
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Fig. 5 ATR inhibition synergizes with LBH knockdown to promote TNBC cell killing. MTS assays in MDA-MB-231 (A) and HCC1806 (B) cells
showing normalized cell viability in LBH KD compared to NT control cells treated with DMSO vehicle or 0.5 yM of AZD6738 for 72 h. C, D Bar
graphs showing active caspase 3/7 activity upon treatment with DMSO or 0.5 uM of AZD6738. Representative Annexin-V FACS plots (top), with
quantification of Annexin-V* apoptotic cells (bottom), in LBH KD MDA-MB-231 (E) and HCC1806 (F) cells with the indicated treatments.
G, H Western blot showing expression of pro- and anti-apoptotic markers —/4+ AZD6738 treatment in LBH KD compared to NT control cells.
I Synergy maps of MDA-MB-231 (left) and HCC1806 (right) treated with increasing concentrations of LBH siRNA and AZD6738. The 3D synergy
matrix was generated with SynergyFinder Plus (n = 3 biological replicates). The color code spans from statistically significant synergism (dark
red, Cl<1, P<0.001) to statistically significant antagonism (dark green, CI>1, P<0.001). Error bars represent the mean+ts.em. (n=3
biological replicates). ***P < 0.001; ns not significant (one-way ANOVA in A, B; two-tailed Student’s t-test in C-E).

reduced tumor volumes over time (Fig. 7B, C), tumor weights
(Fig. 7D, E) and size (Fig. 7F, G - top panels). Notably, hematoxylin-
eosin (H-E) staining of tumor sections showed increased necrosis
in LBH KD, and LBH KD plus AZD6738 treated Xenografts (Fig. 7F,
G - bottom panels), indicating that the regression of tumors under
these conditions was due to increased cell death. Moreover,
immunohistochemical (IHC) analysis revealed a significant
increase in cleaved caspase-3 positive apoptotic cells in LBH KD
tumors, which was further elevated by ATRi (Fig. 7H, I). Thus, LBH
KD and ATRi synergize to induce TNBC cell lethality in vivo,
blocking tumor growth.

LBH downmodulation enhances the efficacy of ATRi in other
cancer types

Lastly, we asked if the effect of LBH downmodulation in
stimulating the efficacy of ATRi is TNBC-specific. To test this, we
performed LBH knockdown studies in an ER-negative, HER2™"
luminal breast cancer cell line, SK-BR-3, and in normal-derived
MCF10A, expressing low to medium levels of LBH, respectively
(Fig. 8A, B; Fig. S5A, B) [12]. We also depleted LBH in cell line
models for other cancer types, i.e., pancreatic (MiaPaca-2), colon
(Caco-2), and lung (H358, A549) (Fig. 8C, F; Fig. S5A, B). While LBH
KD and AZD6738 treatment alone or in combination did not
impair viability of normal MCF10A breast epithelial cells,
synergistic effects between LBH KD and ATRi in reducing cell
viability were observed in SK-BR-3, MiaPaca-2, and Caco-2 (Fig.
8A-D). In contrast, H358 and A549 lung adenoma lines, in which
LBH has been shown to have tumor suppressive activity [24], were
resistant to ATRIi, despite significant LBH downmodulation (Fig. 8E,
F; Fig. S5B). Thus, LBH loss enhances the efficacy of ATRi also in
non-TNBC cancers, depending on the tissue type.

Collectively, our results identify LBH as an effective molecular
target to induce TNBC cell lethality and to increase the efficacy of
clinical ATR inhibitors, providing a novel rationale for inhibiting
LBH in combination with ATR to improve anti-cancer therapy.

DISCUSSION

In this study, we identified that LBH is an essential pro-survival
factor in TNBC that protects tumor cells from genome instability
and cell death. Depletion of LBH causes replication stress and
ssDNA damage, triggering an ATR DNA damage response and
inducing apoptosis. Importantly, LBH downmodulation synergizes
with ATR inhibition, which inhibits DNA repair, to boost TNBC cell
killing both in vitro and in vivo.

Investigating novel specific treatment strategies to overcome
treatment resistance in TNBC is essential to improve the life
expectancy of patients. Targeting genomic instability, e.g., with
PARP inhibitors, has proven to be a successful approach in TNBC
patients with BRCA1/2 DNA repair deficiencies and is widely used
in the clinic for a variety of cancers [48]. However, only ca. 19% of
TNBC exhibit genetic or somatic mutations in BRCA genes [7, 9].
Recent genomic and transcriptomic analyses suggest that TNBC
develop complex survival strategies through transcriptional/
epigenetic changes and expression of cell survival factors to cope
with the genotoxic stress associated with genomic instability
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[49, 50]. Targeting these survival factors may represent an
alternative strategy.

Our study identifies LBH as one such survival factor. LBH is
overexpressed in nearly 50% of basal-like TNBC [12], which have
the worst prognosis and show the highest genome complexity
and chemoresistance among the different TNBC subgroups
[6, 9, 51]. We show that depletion of LBH, without any other
treatment, was sufficient to induce DNA damage and increase
TNBC cell death. Increased DNA damage in LBH-deficient TNBC
cells was evident by phosphorylation and recruitment of yH2AX
and 53BP1 to nuclear DNA damage foci and occurred predomi-
nantly in S-phase, linking these events to defective DNA
replication. Alkaline comet, in combination with DNA fiber assays,
further revealed that the DNA damage caused by LBH down-
modulation was due to ssDNA breaks resulting from DNA
replication fork stalling and replicative stress, which was
confirmed by hyper-phosphorylation and increased genome
occupancy of RPA32.

RPA32 is a major sensor of replication stress [38, 39], and ssDNA-
bound RPA activates the ATR DDR by recruiting ATR via its binding
partner ATRIP to the sites of ssDNA damage [42-45]. Indeed, we
found that LBH depletion in TNBC cells caused increased genome
occupancy and phosphorylation of ATR and its target CHK1, but
not of ATM and CHK2. Thus, loss of LBH specifically triggers the
ATR/CHK1 ssDNA damage response, which is known to halt cell
cycle progression in S/G2 phase to allow DNA repair or induce
apoptosis [45].

Previous studies in rheumatoid arthritis (RA) models have also
suggested a role of LBH in maintaining genome stability [20]. Like
our observations in TNBC cells, LBH depletion in primary RA
fibroblast-like synovitis (FLS) cells caused S-phase cell cycle arrest
due to delays in DNA replication and increased DNA damage,
activating phosphorylation of CHK1 [20]. Increased CHK1 phosphor-
ylation was also observed in Lbh™~ knockout mice in vivo after
arthritis inducing K/BxN serum transfer [20]. Moreover, DNA damage
gene signatures were enriched in transcriptomes of Lbh ™'~ null inner
ear cells, in which LBH has an essential pro-survival function and
protects from progressive hearing loss [22]. Thus, LBH expression
protects not only cancer cells from DNA damage, but also normal,
non-transformed cells under certain pathologic conditions.

At present it is unclear how LBH, as transcription co-regulator,
contributes to genome stability and influences DNA fork progres-
sion. LBH KD studies in RA FLS cells have shown that LBH
deficiency decreases the expression of the catalytic subunit of
DNA polymerase alpha (POLA1), which initiates de novo DNA
synthesis at replication forks and discontinuously replicates DNA
during lagging strand DNA synthesis [20]. Our recent pathway
analysis in cancers in which LBH is under-expressed compared to
normal tissues (i.e., lung, melanoma) suggests that LBH deficiency
may affect de novo nucleotide synthesis [26], which can also lead
to stalled replication forks [45]. Alternatively, LBH may affect the
expression of DNA repair genes [22]. A major future effort will be
to identify how LBH prevents replicative stress and DNA damage.

Importantly, since we found LBH downmodulation specifically
triggers the ATR damage response, we explored, for the first time,
possible strategies for inhibiting ATR activation in LBH-deficient
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cancer cells. We selected AZD6738 (ceralasertib), an ATR inhibitor
in phase Il clinical trials that is orally administered with low toxicity
and side effects [46, 47]. Moreover, AZD6738 can be used in
combination with other therapies to increase effectiveness
[45, 47]. Our results, in aggregate, demonstrate that by inducing
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DNA damage, depletion of LBH sensitizes TNBC cells to AZD6738
drug treatment. In fact, AZD6738 treatment, which inhibits DNA
repair, potently synergized with LBH downmodulation to increase
the accumulation of DNA damage, enhancing programmed cell
death and TNBC lethality both in vitro and in vivo.
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Fig. 6 ATR inhibition exacerbates DNA damage induced by LBH loss. Alkaline comet assays showing synergistic effects of LBH KD and
AZD6738 treatment (0.5 uM for 72 h) on ssDNA breaks in MDA-MB-231 (A) and HCC1806 (B) cells. Representative comet images are displayed
on the left; scatter dot plots with quantification of the olive tail movement on the right (N = 50 random nuclei from n = 3 samples/group were
scored). C, D Western blot analysis of phosphorylated vs. total ATR, CHK1 protein expression in LBH KD compared to NT control cells —/+
0.5 uM AZD6738 treatment. E, F Western blot showing yH2AX and RPA32 expression in LBH KD and NT control cells —/+ 0.5 uyM AZD6738
treatment. Red arrows highlight the active, phospho-RPA32 protein band. G, H Representative immunofluorescence images of yH2AX and
pP-53BP1 nuclear foci formation with single nuclei close-ups (insets) in LBH KD compared to NT control cells treated with DMSO or 0.5 uM
AZD6738 for 72 h. DAPI was used as nuclear counter stain. Scale bars, 20 um. Error bars represent the mean *s.e.m.. *P < 0.05; **P < 0.01;
***P < 0.001; and ns not significant (two-tailed Student’s t-test). All data are representative of experiments repeated three times.

Collectively, our results yield vital new mechanistic insights into
the pro-survival mechanisms of poor prognosis TNBC by identify-
ing LBH as a key survival factor and protector of cancer genomes.
Importantly, they provide a novel rationale for inhibiting LBH in
combination with ATR inhibitors to improve outcomes in TNBC,
and other aggressive cancers with LBH overexpression [26]. A
future goal will be to identify LBH inhibiting drug molecules that
can be used with ATR inhibitors to develop more effective
treatment options for cancer patients.

MATERIALS AND METHODS

Cell lines

Cell lines, if not indicated otherwise, were purchased from ATCC (Manassas,
VA, USA). MDA-MB-231 (# HTB-26), HCC1806 (# CRL-2335), MIAPaCa-2
(# CRL-1420), and CaCo-2 (#HTB-37) were grown in DMEM (Corning, NY,
USA #10-013-CV) with 10% FBS (Thermo Scientific, Waltham, MA, USA
#16000044), Non-Essential Amino Acids (Thermo Scientific #11140050) and
Pen-Strep (Thermo Scientific #15140122). HCC1395 (# SC-CRL-2324) was
grown in RPMI (Thermo Scientific #A10491-01) with 10% FBS, Pen-Strep;
SK-BR-3 (# HTB-30) in McCoy's 5A (Thermo Scientific #16600082) plus 10%
FBS, Pen-Strep; and MCF10A (# CRL-10317) in HUMEC ready mix (Thermo
Scientific #12752010). A549 (# CCL-185) and H358 (# CRL-5807) were
grown in RPMI 1640 (Corning, NY, USA #10-040-CV) with 10% FBS, Pen-
Strep. Cell lines were tested routinely for mycoplasma infection. All cells
were cultured in a 5% CO, incubator at 37 °C.

Small interfering RNA (siRNA) and short hairpin RNA (shRNA)-
mediate gene knockdown

For RNAi studies, triplicate samples of cells were transiently transfected
with 2nM of either scrambled non-targeting siRNA pool (Horizon
Discovery, Waterbeach, UK #D-001810-10) or two individual LBH-specific
siRNAs (Horizon Discovery #J-014248-10/LBH KD1 and #J-014248-11/LBH
KD2), using Dharmafect #1 transfection reagent (Horizon Discovery #T-
2001-01) according to the manufacturer’s protocol. Cells were incubated
with siRNA containing media for 72 h prior to splitting for other studies. For
stable LBH knockdown, MDA-MB-231-luciferase [52] and HCC1806 were
transduced with ready-made Mission shRNA lentiviral particles (Sigma)
expressing two different LBH-specific ShRNAs (#TRCN0000107525-shLBH-1
and custom made shLBH-2: 5-AGAGAGTGAGCCGCAATTGTT-3') or a non-
targeting control shRNA (Sigma-Aldrich, Burlington, MA, USA #SHCO002V) at
MOI = 5 in the presence of 8 pg/ml polybrene. Individual MDA-MB-231 and
HCC1806 polyclonal cultures stably expressing LBH shRNA or control
shRNA were obtained by selection with 1-2 pg/ml puromycin.

Quantitative real-time PCR (qPCR)

Total RNA was extracted using Trizol reagent (Thermo Scientific #15596018),
and 1ug of total RNA was reverse transcribed with M-MLV Reverse
Transcriptase (Promega, Madison, MI, USA #M1708). gPCR was performed
using SsoFast Evagreen PCR master Mix (Bio-Rad Laboratories, Hercules, CA,
USA #1725201) and a Bio-Rad CFX96 Thermal Cycler. mRNA expression was
normalized to the expression of GAPDH using the 2A-AAC; method. The
sequences of qPCR primers are: LBH-forward 5’-TCACTGCCCCGACTATCTG-3/,
LBH-reverse 5-GGTTCCACCACTATGGAGG-3’; GAPDH-forward 5-GGTTCCAC-
CACTATGGAGG-3’, and GAPDH-reverse 5-GACAAGCTTCCCGTTCTCAG-3'.

Western blot analysis

Cells were harvested in RIPA lysis buffer (Thermo Scientific #89901, MA,
USA) supplemented with protease (EMD-Millipore, Burlington, MA, USA
#5391341) and phosphatase (Thermo Scientific, #1862495) inhibitor

Oncogene (2024) 43:851 - 865

cocktails. Cell lysates were passed 5-8 times through a 26-gauge needle
before centrifugation at high-speed. Cleared lysates were snap frozen until
further use. Total protein was quantified using BCA reagent (Thermo
Scientific #23227). 20-50 ug of total protein lysates were separated under
reducing conditions (2.5% -mercaptoethanol) by SDS-Polyacrylamide Gel
Electrophoresis and transferred to nitrocellulose membrane (Biorad) using
a BioRad turbo blotter. Membranes were blocked in TBS + 0.1% Tween 20
(TBST) + 5% milk for 1h and incubated with primary antibodies (see
Supplementary Table 1) in blocking solution overnight at 4 °C. Blots were
washed with TBST buffer and incubated with HRP-coupled secondary
antibodies (Santa Cruz, Dallas, TX, USA 1:10,000). Protein bands were
detected using West Femto Super Signal Kit (Thermo Scientific #34095) on
X-ray film and quantified by densitometry using ImageJ analysis.

Cell viability-apoptosis assays

For MTS assays, 2 x 10° cells were plated in triplicates on 96-well plates.
Viable cells were quantified daily over 5 days using the CellTiter 96 AQueous
One Cell Proliferation Assay (Promega #G3580) according to the
manufacturer’s instructions. For apoptosis assays, 2 x 10° cells were seeded
on 96-well plates in triplicates and grown for 3 days in normal growth
medium. Caspase 3/7 activity was measured at day 0 and day 3 using the
Caspase Glo 3/7 Assay kit (Promega #G811C). All values were normalized to
the readings obtained on day 0. For Annexin-V FACS analysis, 1.5x 10°
cells were seeded on 6-well plate in triplicates and grown for 5 days in
normal growth medium. Cells were harvested by trypsinization, washed
twice in ice-cold PBS, and co-stained with Annexin V-FITC-conjugated
antibodies and Propidium lodide using the Alexa Fluor 488 Annexin V/
Dead cell apoptosis kit (Thermo Scientific #V/13241). Immunostained cells
were quantified on a BD LSRIl FACS analyzer with BD FACS Diva version
6.3.1 and analyzed with FCS Express 7 software.

EdU incorporation cell cycle assay

Sub-confluent cells were pulse labeled with 10uM EdU for 2h.
Incorporated EdU was detected using Click-iT EJU Alexa Fluor 488 flow
cytometry assay kit (Thermo Scientific #C10632). FxCycle Violet dye
(Thermo Scientific #F10347) was used as DNA stain. For experiments
involving yH2AX, EdU pulse-labeled cells were incubated with yH2AX
antibody (CST, Danvers, MA, USA 1:200) for 20-30 min on ice prior to Click-
iT EdU detection. Ten thousand labeled cells were captured using BD LSRII
Flow Cytometer with BD FACS Diva version 6.3.1 and analyzed with FCS
Express 7 software.

Immunofluorescence

Cells were seeded on coverslips and, after growth for 3 days in normal
growth media, fixed with 4% paraformaldehyde for 20 min followed by
washes in PBS and permeabilization with 0.1% Triton X-100 in 1% BSA/PBS.
Coverslips were washed and blocked in 1% BSA/PBS for 1 h followed by
incubation with primary antibodies (see Supplementary Table 1) at 4°C
overnight. Anti-rabbit Alexa Fluor 488 or anti-mouse Alexa Fluor 546
conjugated secondary antibodies were incubated in the dark for 1h at
room temperature. Coverslips were washed, mounted onto a glass slide in
Fluoroshield Mounting Media with DAPI (Sigma), and imaged using an
Olympus confocal microscope. Images were processed with Olympus
FluoView software FV10-ASW 3.1.

DNA fiber assay

Six days after transient transfection of MDA-MB-231 and HCC1806 with
2nM of LBH-targeted (KD) or non-targeted (NT) control siRNA, subcon-
fluent cells were pulse labeled with 25 uM CldU (Sigma #C6891) for 20 min,
washed twice briefly with growth media, followed by pulse labeling with
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Fig.7 LBH depletion synergizes with ATR inhibition to suppress in vivo TNBC tumor growth. TNBC lines, MDA-MB-231 and HCC1806, were
stably transduced with validated LBH targeted shRNA (shKD) or a non-targeted control shRNA (shCtrl) (see Fig. 52). 1 x10° cells were injected
orthotopically into NSG mice. A Schematic representation of timeline of experiment indicating cell implantation, start point and concentration
of AZD6738 drug treatment, and the experiment endpoint. B, C Normalized tumor volumes in MDA-MB-231 (A) and HCC1806 (B) Xenografts
over the time of drug treatment (n=6 tumors/group). D, E Tumor weights at the treatment end point (n=6 tumors/group).
F, G Representative images of tumors (top) and Hematoxylin-Eosin (H&E) stained tumor sections (bottom). Scale bars, 100 pm.
H, | Representative IHC images of cleaved Caspase-3-stained tumor sections (H), with quantification of cleaved caspase-3-positive (CC3™)
cells (n =4 tumors/group) (I). Error bars represent the mean £ s.e.m. *P < 0.05; **P < 0.01; ***P < 0.001; ns not significant (one-way ANOVA in
B, C; two-tailed Student’s t-test in D, E, ).
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Fig. 8 LBH downmodulation enhances the efficacy of ATRi in other cancer types. MTS assays in: A normal-derived MCF10A breast epithelial
cells; B SK-BR-3, a luminal HER2ER" breast cancer cell line; and in cell line models for: C pancreatic (MiaPaca-2); D colorectal (CaCo-2); and
E, F lung (H358, A549) cancer. Cells after transient transfection with NT or LBH KD siRNA were treated with DMSO vehicle or 0.5 uM of AZD6738
for 72 h. Error bars represent the mean + s.e.m. (n = 4 biological replicates). *P < 0.05; **P < 0.01; and ***P < 0.001; ns not significant (two-tailed

Student’s t-test).

25 pM IdU (Sigma #17125) for 20 min. Cells were trypsinized to single cell
suspension and, after centrifugation, re-suspended in PBS to 4 x 10° cells/
ml. Two pl of cell suspension was dropped onto the top side of a saline-
coated glass slide (Sigma #54651-72) and allowed to partially dry for 5 min.
Ten pl of lysis buffer (200 mM Tris-HCL, pH 7.4, 50 mM EDTA and 0.5% SDS)
was added, mixed by gentle swirling with a pipette tip, and incubated at
room temperature for 10 min. The slides were tilted at a 15° angle to allow
the drop to slowly roll down the slide length. When the drop reached the
bottom edge, the slides were put horizontally and allowed to dry. Slides
were then fixed in 3:1 methanol/acetic acid and air-dried overnight. The
next day, slides were treated with 2.5 M HCl for 1 h, washed three times
with PBST (PBS with 0.1% Tween 20), and blocked with PBST + 2% BSA,
followed by incubation with anti-BrdU antibodies (BD Bioscience: 347580
1:500; and Abcam: ab6326 1:1000) for 1 h at room temperature. After three
washes in PBST, slides were incubated with 488 and 555 Alexa Fluor
secondary antibodies (Thermo Scientific) for 1 h at RT. Slides were washed
three times with PBST, allowed to drain, and mounted in fluoroshield
mounting media (EMD Millipore #JA1750). DNA fibers were visualized
using an Olympus confocal microscope under 60X oil objective and images
were analyzed with FluoView software. DNA fiber lengths were measured
using ImageJ.

Comet assay

Alkaline comet assays were performed using Trevigen single cell
electrophoresis kit (R&D Systems, Minneapolis, MN, USA #4250-050-K)
according to the manufacturer’s protocol. DNA was stained with SYBR Gold
(Invitrogen), and comet olive tail movement was determined by counting
50 cells per sample using TriTek CometScore software 2.0.0.32.

Drug inhibition studies

2.5 x 10° MDA-MB-231 cells transiently transfected with 2 nM of NT or LBH
KD siRNAs were seeded onto 96-well plates in triplicates and grown in
complete growth medium. After 24 h, media was replaced with media
containing inhibitors to ATR (AZD6738, Selleck Chemicals, Houston, TX,
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USA #57693) or ATM (KU55933, Selleck Chemicals #51092) at different
concentrations (100, 33.3, 11.1, 3.7, 1.2, or 0.41 uM). Cells were grown for an
additional 72 h, after which absorbance (495 nm) was quantified using the
CellTiter 96 AQueous One Cell Proliferation Assay (Promega). 1Csq
concentrations were calculated by the standard dose response curve
method using GraphPad Prism software 7.05. In subsequent ATR inhibition
(ATRI) studies, cells were treated with 0.5 uM AZD6738 for 72 h. For synergy
analysis, MDA-MB-231 and HCC1806 cells were transfected with increasing
concentrations of siLBH#2 siRNA (0; 0.1; 0.39; 1.5; 6.26 or 25nM) using
Dharmafect#1 transfection reagent. Three days post transfections, cells
were seeded onto 96 well plates and each siLBH KD sample set was treated
with six different doses of AZD6738 (0; 62.5; 125; 250; 500 and 1000 nM) for
72 h. Cell viability was assessed by MTS assay and the results analyzed with
different algorithms to determine the synergism between LBH loss and
ATRi using SynergyFinder Plus (http://www.synergyfinderplus.org/).

Mouse studies

MDA-MB-231-Luciferase or HCC1806 cells (1 x 10°) stably transduced with
validated shLBH-2 (shKD) or control nontargeted shRNA (shCtrl) were
suspended in 100 ul PBS containing 50% Matrigel (BD) and injected
bilaterally into the inguinal mammary fat pads of 6-7-week-old NOD-SCID
IL2Rgamma™™" (NSG) female mice [Stock No. 005557; Jackson Laboratories
(Bar Harbor, ME, USA)] (n =10 NSG mice/group). Primary tumor growth
was quantified weekly by caliper measurements. Once the tumor size
reached 200-300 mm?®, mice in each study group were randomly divided
into two subgroups: vehicle treated, or AZD6738 treated.
AZD6738 suspended in 5% Carboxy Methyl Cellulose (CMC) was orally
administered daily for 21 days at 50 mg/kg body weight. Mice receiving 5%
CMC vehicle only over the same period served as controls. Tumors were
harvested at treatment endpoint and analyzed as stated in Results. All
experiments and procedures involving mice were approved by the
Institutional Animal Care and Use Committee (IACUC) of the University
of Miami in accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.
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Immunohistochemistry

Tumor paraffin sections (4 pm) were immunostained with antibodies to
Cleaved Caspase 3 (see Supplementary Table 1), as in ref. [27], using an
automated Leica Bond RXM slide stainer. Quantification of marker positive
cells was performed for four tumors per study group and n>5 different
areas per tumor using ImageJ software.

Statistical analyses

Statistical analyses were performed using GraphPad Prism V7 and
Microsoft Excel software. Comparisons of two groups were made using
two-tailed unpaired Student’s t-test. Analysis of variance (ANOVA) was
used for more than two groups. P<0.05 was considered statistically
significant. Data are expressed as mean * standard error of the mean
(s.e.m.).

DATA AVAILABILITY

All relevant data are available from the authors upon request.
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