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Abstract

The BRCA1-PALB2-BRCA2 axis plays an essential role in DNA homologous recombination 

repair (HRR), defect in which drives genome instability and cancer development. How cells with 

defects in this pathway respond to DNA damage in vivo and how tumors develop from these cells 

remain poorly defined. Here we analyzed several aspects of the DNA damage response in multiple 

tissues of Palb2 mutant mice in which the interaction between PALB2 and BRCA1 is disengaged. 

Without any challenge, the mutant mice showed increased endogenous DNA damage. Following 

ionizing radiation (IR), the mutant mice displayed higher levels of DNA breaks and stronger 

induction of p53 and p21, but continued DNA synthesis, reduced apoptosis, and accelerated tumor 

development. The differences in p21 induction, DNA synthesis and apoptosis between wild-type 

and mutant mice were substantially more pronounced in the mammary gland than in the intestine, 

suggesting a potential contributing factor to the increased risk and the tissue specificity of BRCA/

PALB2-associated tumor development. Moreover, the mutant mice showed higher levels of 

reactive oxygen species (ROS) and constitutive activation of NFκB, an anti-apoptotic transcription 

factor inducible by both DNA damage and oxidative stress. Treatment of the mutant mice with an 

inhibitor of NFκB reactivated apoptosis and delayed tumor development following radiation. 

Thus, our results also suggest a pro-survival and pro-oncogenic role of NFκB in PALB2 mutant 

cells.
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Introduction

PALB2 is a tumor suppressor that functions in conjunction with BRCA1 and BRCA2 in the 

DNA damage response and maintenance of genome integrity, impairment of which is a 

major driver of cancer development (1). In particular, PALB2 controls the intra-nuclear 

localization of BRCA2 and links BRCA1 and BRCA2 in homologous recombination (HR)-

based repair of DNA double strand breaks (DSBs) (2–4). Consistent with its biochemical 

function as a controller of BRCA2 and a linker between BRCA1 and BRCA2, PALB2 itself 

is a tumor suppressor with disease phenotypes similar to both BRCA1 and BRCA2 and 

nearly identical to BRCA2 (5). Specifically, heterozygous (or monoallelic) germline 

mutations in PALB2 increase the risk of cancer development in the breast, ovary and 

pancreas, whereas biallelic mutations in the gene cause Fanconi anemia (FA) (5). The breast 

cancer risk of PALB2 mutation carriers approach that of BRCA2 carriers (6), and the 

phenotypes of FA patients with biallelic PALB2/FANCN and BRCA2/FANCD1 mutations 

are virtually identical, with unusual severity and hallmark features of “embryonal” cancers 

such as medulloblastoma and Wilm’s tumor (7–9).

Conventional knockout of each of Brca1, Brca2 and Palb2 genes in the mouse leads to 

embryonic lethality which can be partially rescued by co-deletion of Trp53 (10–12). Tissue-

specific knockout of each gene in the mammary gland results in tumor formation with long 

latency, with most of the tumors tested containing somatic mutations in Trp53 (13,14). Co-

ablation of Trp53 in the same tissue or even a Trp53 heterozygous background accelerates 

mammary tumor development (13,15–17). Therefore, p53 is a barrier to cell proliferation 

and tumorigenesis following the loss of BRCA and PALB2 proteins, and an inactivation of 

p53 or its pathway may be a prerequisite for their associated tumorigenesis. Indeed, 

practically all human BRCA1 breast cancers harbor somatic mutations or deletions in TP53 
(18). There are also reports suggesting higher TP53 mutation rates in BRCA2 and PALB2 
mutant breast cancers than in sporadic cancers, albeit the data are less conclusive.

In addition to p53, another major transcription factor, NFκB, has recently been implicated in 

BRCA1-associated breast cancer development. NFκB regulates a variety of genes with 

diverse functions, with its overall activity being pro-inflammatory, anti-apoptotic, pro-

survival and pro-oncogenic (19,20). NFκB can be activated by canonical, non-canonical or 

atypical pathways (19). The canonical and atypical pathways mainly involve p65 (RelA) and 

p50, whereas non-canonical pathway involves another set of components, p68 (RelB) and 

p52. Interestingly, NFκB p52/RelB is persistently activated in a subset of luminal 

progenitors in the mammary gland of BRCA1 (heterozygous) mutation carriers and in 

BRCA1-depleted cells (21). Moreover, blockade or inactivation of RANKL/RANK 

signaling, an inducer of the non-canonical NFκB pathway, inhibited the proliferation and 

expansion of BRCA1 heterozygous mammary progenitors as well as mammary tumor 
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formation in Brca1 conditional knockout mouse models (21–23), suggesting that NFκB 

plays a pro-oncogenic role in BRCA1-associated tumorigenesis.

The virtually identical tumor phenotypes of human FA-D1 (BRCA2) and FA-N (PALB2) 

patients and the highly similar tumor spectra of PALB2 and BRCA2 heterozygous carrier 

families strongly indicate that the tumor suppressive function of BRCA2 largely depends on 

its association with PALB2. In both BRCA1 and BRCA2, patient-derived missense 

mutations that disrupt their interaction with PALB2 have been identified and shown to 

abrogate their HR function (2,3,24). Very recently, we reported a breast cancer family 

segregating a missense mutation in PALB2 that disrupt its interaction with BRCA1 and 

completely abrogates its HR activity (25). These findings suggest that intact BRCA1-

PALB2-BRCA2 interactions are required for tumor suppression. This notion is supported by 

a recent study showing increased tumor development in a mouse strain with a hypomorphic 

mutation (G25R) in BRCA2 that partially disrupts its binding to PALB2 (26). However, the 

importance of the BRCA1-PALB2 interaction in tumor suppression has not been directly 

tested.

To overcome the embryonic lethality of conventional Palb2 knockout, we previously 

generated a Palb2 knockin mouse strain with a 3-aa mutation (LKK→AAA) in the N-

terminal coiled-coil domain that abrogates BRCA1 binding (27). Homozygous mutant mice 

were viable and did not show any overt abnormality, except slightly smaller body size 

(unpublished) and a moderate male-specific fertility defect (27). This strain allows for 

exploration of the role of PALB2 and the BRCA1-PALB2 interaction in different tissues, 

affording us an opportunity to gain insights into the in vivo mechanisms and tissue 

specificity of PALB2-associated tumorigenesis. In the current study, we analyzed several 

aspects of the DNA damage response, i.e. DNA repair, DNA synthesis, p53 induction and 

apoptosis, in multiple tissues of the mutant mice after ionizing radiation (IR), and monitored 

tumor incidence in these mice following IR. In addition, we also tested the role of NFκB in 

radiation-induced apoptosis and tumor development in these mice.

Materials and Methods

Mice

Generation of the Palb2CC6 (LKK-AAA) mutant strain was described before (27). The strain 

was backcrossed to C57BL/6 background for 6 generations before being used in this study. 

C57BL/6 mice were used as wt control. Genotyping was carried out as described (27). All 

animal work was approved by the Institutional Animal Care and Use Committee (IACUC) 

of the Rutgers Robert Wood Johnson Medical School.

Gamma radiation

For studying DNA damage response, mice were treated with a single dose of 3 Gy of whole 

body γ-radiation at the age of 8 weeks. For studying tumor development, mice were treated 

with 2 Gy of whole body radiation once a week for 3 weeks, starting from 8 weeks of age. 

Radiation was delivered from a Cesium137 source (Gammacell 40 Exactor, Best 

Theratronics Ltd., Ottawa, Ontario, Canada) at a dose rate of 0.97 Gy/min.
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5-Bromo-2′-deoxyuridine (BrdU) labeling

BrdU was purchased from Sigma-Aldrich and dissolved in phosphate-buffered saline (PBS). 

Mice were injected intraperitoneally at a dose of 100 mg/kg, and the labeling was for 30 min 

before tissue collection at each time point.

Immunohistochemistry (IHC)

Tissues were fixed in 10% buffered formalin solution for 24 hr and then transferred to 70% 

ethanol prior to further processing. Paraffin-embedded block production and sectioning were 

conducted by The Histopathology Shared Resources of Rutgers Cancer Institute of New 

Jersey. IHC was performed on 5 μm sections as described before (27). The following 

antibodies were used: γH2AX-pSer139 (EMD Millipore, #07-164, 1:200 dilution), p53 

(Leica Biosystems, NCL-p53-CM5p, 1:1000 dilution), p21 (Santa Cruz, sc-6246, 1:50 

dilution), BrdU (BD Biosciences, #347580, 1:100 dilution) and NFκB p65 (GeneTex, 

GTX50371, 1:200).

Terminal deoxynucleotidyltransferase dUTP nick end labeling (TUNEL) assay

Staining was performed on 5 μm sections using the DeadEnd™ Fluorometric TUNEL 

System (Promega) according to the manufacturer’s instructions.

Quantification of IHC and TUNEL results

At least 5–7 representative fields at 40X magnification were counted. A minimum of 200–

300 cells from each slide/condition were scored for each genotype. All experiments were 

performed for at least 3 times (unless otherwise indicated), each with 2 mice per genotype 

per time point.

ROS measurement

MEFs were generated following standard procedures and cultured in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum 

(FBS) and 1 X penicillin-streptomycin (Pen-Strep) at 37 °C in a humidified incubator with 

5% CO2. ROS levels were measured as described before (28). Briefly, cells grown in 6-well 

plates were washed with PBS and then incubated with fresh phenol red-free medium 

containing 25 μM DCF-DA (2′,7′-dichlorofluorescein diacetate) (Sigma, catalog no. 

D6883) at 37°C for 20 min. Cells were trypsinized and analyzed by flow cytometry with 

excitation at 488 nm and emission at 515 to 545 nm.

Western blotting

Mouse embryonic fibroblasts (MEFs) were lysed with NETNG-400 (400mM NaCl, 1 mM 

EDTA, 20 mM Tris-HCl [pH7.5], 0.5% Non-Idet P-40, and 10% glycerol) with Complete® 

protease inhibitor cocktail (Roche). Tissues were homogenized in the same buffer and 

sonicated. Samples were resolved on 4–12% Tris-glycine SDS-polyacrylamide gels and 

transferred to a nitrocellulose membrane (0.45 micron, Bio-Rad). The primary antibodies 

used were as follows: NFκB p65 (Santa Cruz, #sc109, at 1:200, and Abcam, #ab16502, at 

1:1000), and β-Actin (Santa Cruz, #Ac-15 at 1:5,000). The secondary antibodies used were 
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Amersham ECL HRP Conjugated Antibodies (GE Healthcare Life Sciences). Blots were 

developed using Immobilon Western Chemiluminescent HRP Substrate (EMD Millipore).

TPCA-1 administration

Mice at 8 weeks of age were treated with intraperitoneal injection of the TPCA-1 (2-

[(aminocarbonyl)amino]-5-(4-fluorophenyl)-3-thiophenecarboxamide) (Selleckchem), a 

selective inhibitor of IKK2 (IKKβ), at 20 mg/kg body weight, twice at 12 hr apart. TPCA-1 

was given in a vehicle consisting of 0.9% DMSO, 7% dimethylacetoacetamide (DMA) and 

10% Cremophor EL (both from Sigma-Aldrich) in PBS. Radiation was delivered 2 hr after 

the 2nd TPCA-1 injection.

Statistical analyses

For IHC, TUNEL and ROS results, p values were calculated with two-tailed student’s t-test 

using Microsoft Excel. For Kaplan-Meier survival curves, p value was determined with log-

rank analysis using GraphPad Prism7. P values of ≤0.05 were considered significant.

Results

Increased endogenous DNA damage and reduced DSB repair capacity in Palb2 mutant 
mice

To assess the importance of the interaction between PALB2 and BRCA1 for the repair of 

DNA damage in vivo, we analyzed the amount of endogenous DSBs in the mammary gland 

and intestine of wild-type (wt) and the Palb2 knockin mutant females by 

immunohistochemistry (IHC), with an antibody against phosphorylated histone H2AX 

(γH2AX), a marker for DSBs. In the mutant mice, discrete γH2AX foci were found in 

approximately 40% of mammary epithelial cells, among which about 10% contained 4–6 

foci (in a single focal plane) (Fig. 1A,B). In comparison, γH2AX foci were detected in only 

17% of mammary epithelial cells in the wt mice, and none of the cells contained more than 3 

foci. In the intestine, positive γH2AX staining was mostly found in the crypt (Fig. 1C), the 

stem cell compartment. Overall, less than 10% of cells in the intestinal crypts of wt mice 

were positive for γH2AX foci, whereas the number was about 40% in the mutant mice (Fig. 

1D). These observations indicate that the BRCA1-PALB2 interaction is required for the 

efficient repair of endogenous DSBs or the prevention of DSB formation during normal 

DNA metabolism. We then assessed the capacity of DSB repair in these mice by monitoring 

γH2AX foci clearance at different time points after IR (3 Gy). As expected, a dramatic 

induction of γH2AX foci was observed in both the mammary gland and the intestine at 30 

min after IR, and the extent of induction was similar in the wt and mutant mice (Fig. 1A–D). 

However, the rate of γH2AX foci disappearance in both tissues was slower in the mutant 

mice, indicating that the binding between BRCA1 and PALB2 is important for the repair of 

DSBs in vivo.

Continued proliferation and resistance to apoptosis in Palb2 mutant mice after irradiation

To test whether abrogation of the PALB2-BRCA1 interaction would impact the response of 

cells to DNA damage, we first measured of DNA synthesis in wt and mutant mice after IR. 

The mice were labeled with 5-bromo-2-deoxyuridine (BrdU) at different time points and its 
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incorporation in the mammary gland and intestine were analyzed by IHC. In wt mice, the 

number of BrdU-positive cells decreased in both tissues after IR (Fig. 2A–D), indicative of a 

halt of DNA synthesis in cells already in the S phase at the time of radiation (intra-S phase 

checkpoint) and/or an inhibition of new S phase entry (G1/S checkpoint). In comparison, no 

decrease in BrdU-positive cells were observed in either tissue of the mutant mice (Fig. 2A–

D), despite the fact that they contained more DNA damage (Fig. 1). Strikingly, the number 

of BrdU-positive cells in the mutant mammary gland at 6 hr post IR was almost 4 times as 

high as its baseline level before IR (Fig. 2B). Although this is reminiscent of the S-phase 

checkpoint defect in PALB2-depleted cells we reported before (2), it should be noted that an 

S-phase checkpoint defect would simply maintain the level of DNA synthesis in a given cell 

already in the S phase at the time of DNA damage. Therefore, the large increase in the 

number of BrdU-positive cells in the mutant mammary gland, which may reflect a large, 

synchronized wave of S-phase entry “orchestrated” by IR, is likely due to a novel 

mechanism that remains to be elucidated.

Next, we determined the extent of apoptosis in the two tissues using the terminal 

deoxynucleotidyl transferase end labeling (TUNEL) assay. Before radiation, small and 

similar numbers of apoptotic cells were detected in the mammary gland of both wt and 

mutant mice (4% vs 3%, respectively) (Fig. 2E,F). In comparison, larger numbers of 

apoptotic cells were found in the intestines of both wt and mutant mice, although the number 

in the mutant intestine was smaller than that in its wt counterpart (Fig. 2G,H). After 

radiation, increased apoptosis was detected in both tissues of both genotypes. Notably, the 

increase was substantially less pronounced in the mutant mammary gland (Fig. 2F). At 6 hr 

after radiation, the number of apoptotic cells had increased by approximately 5 fold (from 

~4% to ~20%) in the wt mammary gland, whereas a much more muted 2-fold increase (from 

~3% to ~6%) was observed in the mutant tissue. At the same time, apoptotic cells in the 

intestine increased by approximately 1.6 and 2 fold, respectively, in the wt and mutant mice 

(Fig. 2H). At both 6 and 24 hr post IR, the levels of apoptosis were lower in both the 

mammary gland and the intestine in the mutant mice, and the differences were larger in the 

mammary gland (Fig. 2G,H). Thus, an unperturbed interaction between BRCA1 and PALB2 

is critical for the suppression of DNA synthesis/cell proliferation and normal execution of 

apoptosis after DNA damage.

Higher induction of p53 and p21 in Palb2 mutant mice after DNA damage

Given the well-established role of p53 in promoting cell cycle arrest and apoptosis after 

DNA damage, we examined its levels by IHC. Without radiation, the mammary gland in 

both wt and mutant mice stained negative (Fig. 3A). At 6 hr after radiation, p53 induction 

was observed in a subset of cells in both wt and mutant mammary epithelia, with the mutant 

tissue showing both stronger straining signals and more positive cells (Fig. 3A,B). 

Compared with the mammary gland, p53 induction was much more robust in the intestine in 

both wt and mutant mice (Fig. A,B). Again, the induction was stronger in the mutant than 

the wt tissue. To assess p53 activity, we stained the tissues for its major target, p21. 

Consistent with the difference in p53, the induction of p21 was also stronger in the mutant 

mice (Fig. 3C). Quantification of positive cells showed a much more extensive (occurring in 

more cells) induction of p21 in the mutant mammary gland than in its wt counterpart, 
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especially at 6 hr after IR, where the difference was more than 15 fold (24% vs 1.5%) (Fig. 

3D). In the intestine, p21 was induced in more cells than in the mammary gland in both 

genotypes (Fig. 3C,D). The induction was again more extensive in the mutant tissue, and the 

difference between the two genotypes was less pronounced than that in the mammary gland. 

Collectively, these results demonstrate a more robust induction of p53 and p21 in the mutant 

mice after DNA damage and a profound difference between p21 induction in wt and mutant 

mammary glands.

Accelerated tumor development in Palb2 mutant mice after radiation

To assess the role of the BRCA1-PALB2 interaction in tumor suppression, we monitored 

tumor development in the mice after radiation (3 × 2 Gy with one week interval, starting 

from 8 weeks of age). Compared with wt mice, mutant animals showed vastly accelerated 

tumor development (median latency 255 days versus >700 days, respectively) (Fig. 4A). By 

the end of the 700-day observation period, 44 of 48 (92%) mutant animals had developed 

tumors, three of the rest had died of unknown reasons, and one remained alive; in contrast, 

only 14 of 50 (28%) wt animals had developed tumors, 4 (8%) died of unknown reasons, 

and 31 (62%) were alive. Therefore, the PALB2-BRCA1 interaction is critical for the 

suppression of radiation-induced tumorigenesis. No significance differences in overall 

survival were observed between males and females of either genotype (Fig. 4B). In both wt 

and mutant mice, the majority of tumors were thymic lymphoma (Fig. 4C). Among the wt 

females, two developed mammary tumors and one developed ovarian cancer. In comparison, 

none of the mutant females developed mammary tumors and two of them developed ovarian 

cancer.

DNA damage response in the thymus of wt and Palb2 mutant mice

With thymic lymphoma being the major tumor type in both wt and mutant animals, we 

analyzed the same parameters as above to understand the DNA damage response in the 

thymus. Before radiation, the mutant thymus already contained more γH2AX positive cells 

(Fig. 5A). At 30 min after IR, γH2AX was dramatically induced in all thymic cells of both 

genotypes. By 3 hr after IR, the overall staining intensity had decreased moderately in both 

wt and mutant tissues, although virtually all cells were still positive. At these two time 

points, the staining pattern and intensity of the wt and mutant tissues were indistinguishable. 

By 6 hr after IR, γH2AX staining had decreased substantially in both wt and mutant tissues, 

with patches of cells having become negative and the rest of cells showing varying staining 

patterns and intensities. The overall staining intensity appeared to be slightly stronger in the 

mutant tissue, although the difference was hard to quantify. These observations indicate that 

a DSB repair defect also exists in the mutant thymus. Next, we examined p53 induction, 

BrdU incorporation and apoptosis by IHC and TUNEL assays. As shown in Fig. 5B and C, 

the mutant thymus contained more p53-positive cells after IR but also more cells actively 

incorporating BrdU. Moreover, fewer apoptotic cells were found in the mutant thymus both 

before and after radiation (Fig. 5D,E). These results are consistent with the findings made in 

the mammary gland and intestine, further indicating a disconnect between the induction of 

p53 and its ability to induce cell cycle arrest and apoptosis in all 3 tissues analyzed.
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Increased reactive oxygen species (ROS) levels in Palb2 mutant mice

ROS play key roles in diverse cellular signaling pathways exerting significant impact on 

many aspects of cellular physiology including proliferation and death/survival. Previously, 

we reported that PALB2 promotes the nuclear accumulation of the master antioxidant 

transcription factor NRF2 by competitively binding to its negative regulator KEAP1, thereby 

acting as an antioxidant protein (28). Similarly, BRCA1 has also been reported to possess an 

NRF2-dependent antioxidant function (29–31). To test if the mutation in PALB2 being 

studied here affects ROS levels in vivo, we used IHC to measure the levels of 8-oxo-

deoxyguanidine (8-oxo-dG), a marker of DNA oxidation, in the same 3 tissues. As depicted 

in Fig. 6A, stronger staining signals were observed in all 3 tissues of the mutant mice, 

suggestive of higher ROS levels. Moreover, we generated mouse embryonic fibroblasts 

(MEFs) from wt and mutant embryos and measured ROS levels in these cells using 2′,7′-
dichlorofluorescein diacetate (DCF-DA). Again, results from 3 pairs of MEFs consistently 

showed substantially higher levels of ROS in the mutant than in the wt cells (Fig. 6B). Note 

that ROS levels were measured at passage 2, before the mutant MEFs started to undergo 

senescence after passage 3 (27). Taken together, these results establish increased ROS levels 

in mutant mice and further suggest that PALB2 and BRCA1, at least in part, may function 

together to promote cellular antioxidant capacity.

Constitutive activation of NFκB and its anti-apoptotic role in Palb2 mutant mice

The discrepancy between the higher p53 induction and lower apoptosis levels in the mutant 

mice led us to hypothesize that p53 transcriptional activity may be either dependent on the 

BRCA1-PALB2 complex or overcome by another factor. The first possibility was largely 

ruled out by the efficient p21 induction in the mutant tissues (Fig. 3). Therefore, we 

surmised that p53 activity may be offset by another factor in the mutant cells. We considered 

NFκB as a candidate for such a factor for 3 reasons. First, it can be activated by both DNA 

damage and ROS (32,33). Second, it has well-established anti-apoptotic activity (20). Third, 

recent studies strongly suggest a pro-oncogenic role of this factor in BRCA1-associated 

tumorigenesis (21–23). Indeed, the level of the NFκB (p65 subunit) was found to be much 

higher in the mutant MEFs (Fig. 6C). Moreover, IHC analysis of 4 different tissues in the 

mutant mice consistently showed stronger nuclear NFκB staining than that in the wt mice 

(Fig. 7A), and western blotting revealed much higher abundance of total NFκB protein in 

the mutant spleen (Fig. 7B). In addition, p53 was clearly induced in the mutant spleens even 

without IR challenge (Fig. 7B).

Next, we asked whether inhibition of NFκB could restore radiation-induced apoptosis in the 

mutant mice. We treated the mice with 2-[(aminocarbonyl)amino]-5-(4-

fluorophenyl)-3thiophenecarboxamide (TPCA-1) and tested for apoptosis in the mammary 

gland, intestine and thymus after IR by TUNEL. TPCA-1 is an inhibitor of IκB kinases 

(IKKs), which phosphorylate IκB (inhibitor of NFκB) leading to its degradation and, in 

turn, activation of NFκB. Indeed, TPCA-1 treatment led to increased levels of apoptosis in 

all 3 tissues of the mutant mice (Fig. 7C–H). At 6 hr after IR, the differences ranged from 5-

fold in the mammary gland (33% vs 6.4%, Figs. 7D and 2F) to 3-fold in the intestine (43% 

vs 14%, Figs. 7F and 2H) and about 2-fold increase in the thymus (79% vs 43%, Figs. 7H 

and 5E). For the wt mice, TPCA-1 treatment did not produce any major difference in 
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apoptosis in the intestine and thymus, at least at 6 hr post IR (compare Figs. 2H and 5E with 

Figs. 7F and 7H, respectively). At the same time, an approximately 2.5-fold reduction of 

apoptotic cells was observed in the mammary gland of wt mice treated with TPCA-1 (19.4% 

vs 7.5%, Figs. 2F and 7D), the cause of which remains to be determined. Overall, TPCA-1 

treatment more than restored the level of apoptosis in all 3 tissues of the mutant mice tested, 

as they contained greater numbers of apoptotic cells than did their wt counterparts after 

treatment (Fig. 7C–H).

Finally, we tested if TPCA-1 treatment could prevent radiation-induced tumor development 

in the mutant mice. The mice were irradiated as before (3 × 2 Gy with one week intervals, 

starting from 8 weeks of age), except that half of them were treated with TPCA-1 prior to 

each dose, and monitored for tumor development. Indeed, TPCA-1-treatment led to a 

statistically significant, albeit modest, delay of tumor development (Fig. 7I). All tumors in 

both TPCA-1 untreated and treated mice were thymic lymphoma. Collectively, our findings 

suggest that cells in the mutant mice are dependent on NFκB for their survival and therefore 

tumorigenic potential after DNA damage.

Discussion

Since BRCA1 and BRCA2 were cloned in the mid 1990’s, there have been a myriad of 

studies on their molecular functions in a variety of cellular processes such as DNA repair, 

DNA replication, cell cycle checkpoints, cell division and transcriptional regulation, etc. 

Also, a large number of conventional and conditional knockout mouse models have been 

generated for each gene. Additionally, many studies have examined human tumor and, in 

some cases, normal breast tissue samples from carriers of germline mutations. The same 

applies to PALB2, although the numbers of studies and models are smaller in absolute terms. 

These studies have vastly advanced our understanding of the biological functions and 

genetic mechanisms of these tumor suppressors. However, relatively speaking, there has 

been a lack of efforts to systematically understand their functions and mechanisms in vivo. 

As a result, the mechanism behind the tissue specificity and the path of tumor development 

in BRCA1/2 and PALB2 mutation carriers remain poorly defined.

In this study, in attempting to better understand the function of the BRCA1-PALB2 

interaction in vivo and the tissue specificity of their associated tumor development, we first 

compared several aspects of DNA damage response in the mammary gland and intestine of 

wt and Palb2 mutant mice with a mutation that disengages the endogenous BRCA1-PALB2 

interaction (27). Our results reveal increased levels of endogenous DNA damage and 

reduced capacity to resolve radiation-induced DNA damage in both tissues in the mutant 

mice (Fig. 1), demonstrating the important role of PALB2 and the BRCA1-PALB2 

interaction in DNA repair in vivo. Following radiation, the levels of p53 and p21 induction 

were both higher in the mutant mice (Fig. 3); however, both tissues of the mutant mice also 

showed higher levels of DNA synthesis/proliferation and lower levels of apoptosis than their 

wt counterparts (Fig. 2). Later, we also conducted similar analyses in the thymus, and 

similar observations were made (Fig. 5). Overall, within the same mice the 3 tissues showed 

largely similar response to radiation. However, the differences between wt and mutant mice 

in p21 induction, BrdU incorporation and apoptosis following radiation were substantially 
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more pronounced in the mammary gland than in the intestine, implying a potential 

fundamental difference in BRCA/PALB2-associated DNA damage response between the 

two tissues, which may contribute to the large difference in the risks of cancer development 

in the two tissues among mutation carriers.

The tissue specificity of BRCA- and PALB2-assocated tumorigenesis has proven difficult to 

model in mice, as homozygous knockout of each gene causes embryonic lethality, whereas 

heterozygous mice do not show any meaningful tumor phenotypes (10,34,35). Following 

radiation, Palb2 mutant mice developed tumors with much shorter latency and much higher 

penetrance than did wt mice (Fig. 4A), demonstrating the key role of the BRCA1-PALB2 

interaction in tumor suppression. However, the majority of tumors were lymphoma in the 

thymus, with only 8% of females developing mammary and/or ovarian tumors (Fig. 4C). 

This seemingly “nonspecific” tumor formation may be explained by at least two possible 

reasons. First, there may be little tissue specificity of the basic tumor suppression function of 

PALB2. Second, potential tumor development in more clinically relevant tissues may have 

longer latency than thymic lymphoma after radiation and therefore be preceded by the latter.

In humans, biallelic mutations in BRCA1 likely cause embryonic lethality in the vast 

majority of cases, as inferred from the extreme rarity of biallelic mutation carriers. To date, 

there have been only 3 such cases reported (36–38). For BRCA2 and PALB2, more bilallelic 

mutation carriers have been reported (even though their mutation frequencies in the general 

population are lower than that of BRCA1), and they almost invariably develop embryonal 

cancers such as medulloblastoma (brain) and Wilms tumor (kidney) during infancy or early 

childhood (8,9). Interestingly, a recent report showed for the first time non-Hodgkin 

lymphoma (NHL) in two patients at ages of 15 and 17 carrying biallelic PALB2 mutations, 

one being a truncating mutation and the other an in-frame skipping of exon 6 (39). As this 

mutation results in a hypomorphic PALB2 protein still able to bind both BRCA1 and 

BRCA2, the finding indicates that biallelic but relatively mild mutations in PALB2 can 

cause lymphoma instead of Fanconi anemia and embryonal cancers. Therefore, lessons from 

biallelic mutation carriers suggest that the fundamental tumor suppression activity of these 

proteins is broader than commonly thought and that the tissue specificity of BRCA/PALB2-

associated tumor development in heterozygous mutation carriers may be mainly due to 

differentials in the rate of loss of heterozygosity (LOH) or the ability of the cells to survive 

and proliferate after LOH in different tissues.

Finally, a key finding in this study is the lower levels of apoptosis in the mutant mice 

following radiation despite their having more DNA damage and stronger induction of p53. 

Compared with wt mice, these mice contain more endogenous DNA damage and ROS (Figs. 

1 and 6, respectively), both of which are known inducers of NFκB, a major transcription 

factor with anti-apoptotic and pro-oncogenic activities. Indeed, stronger NFκB nuclear 

staining signals were detected in 4 different tissues of the mutant mice (Fig. 7A). 

Interestingly, the activation of NFκB in the mutant mice was not limited to its nuclear 

translocation, as the total protein amount of NFκB (p65) was also much higher in both 

mutant MEFs (Fig. 6C) and the spleen of mutant mice (Fig. 7B). Thus, our data suggest that 

NFκB may be protecting the mutant cells from p53-induced apoptosis following IR. 

Remarkably, treatment of mutant mice with TPCA-1 greatly elevated radiation-induced 
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apoptosis, to levels even higher than that in wt mice (Fig. 7C–H), and modestly delayed 

radiation-induced tumor development in the mutant mice. Taken together, our findings 

implicate NFκB in PALB2-associated tumorigenesis and suggest that inhibition of NFκB 

may have the potential to prevent tumor development in PALB2 mutation carriers much like 

BRCA1 mutation carriers. Finally, it should be noted that TPCA-1 has also been shown to 

inhibit the phosphorylation of another transcription factor, STAT3 (40), which could also 

contribute to the observed effect. Additional work with more specific inhibitors and genetic 

ablation of NFκB pathway components are required to further define the precise 

contribution of NFκB in PALB2-associated tumor development.
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Figure 1. 
Endogenous DNA damage and DSB repair capacity in wt and Palb2 mutant mice. (A,B) 

Representative IHC images (A) and quantification (B) of γH2AX foci formation in the 

mammary gland before and after 3 Gy of IR. (C,D) Representative IHC images (C) and 

quantification (D) of γH2AX foci formation in the intestine before and after 3 Gy of IR. 

Data shown are means ± standard deviations (SD) from 2 independent experiments.
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Figure 2. 
DNA synthesis and apoptosis in wt and Palb2 mutant mice before and after radiation. (A,B) 

Representative IHC images of BrdU incorporation (A) and quantification of BrdU-positive 

cells (B) in the mammary gland. (C,D) Representative IHC images of BrdU incorporation 

(C) and quantification of BrdU-positive cells (D) in the intestine. (E,F) Representative 

images of TUNEL staining (E) and quantification of TUNEL-positive cells (F) in the 

mammary gland. (G,H) Representative images of TUNEL staining (G) and quantification of 

TUNEL-positive cells (H) in the intestine. The mice were treated with 3 Gy of IR in all 

panels. BrdU labeling was for 30 min immediately before tissue collection at each time 

point. Data shown are means ± standard deviations (SD) from 3 independent experiments. *, 

p<0.05; **, p<0.01.
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Figure 3. 
Levels of p53 and p21 in wt and Palb2 mutant mice before and after radiation. (A,B) 

Representative p53 IHC images (A) and quantification of p53-positive cells (B) in the 

mammary gland before and after 3 Gy of IR. (C,D) Representative p21 IHC images (C) and 

quantification of p21-positive cells (D) in the intestine before after 3 Gy of IR. Data shown 

are means ± SD from 2 independent experiments for p53 and 3 independent experiments for 

p21. *, p<0.05; **, p<0.01.
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Figure 4. 
Radiation-induced tumor development in wt and Palb2 mutant mice. (A,B) Kaplan-Meier 

curves of overall survival of wt and mutant mice after radiation with males and females 

combined (A) or separated (B). (C) Spectra of tumor development in wt and mutant males 

and females after radiation.
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Figure 5. 
DNA damage response in the thymus of wt and Palb2 mutant mice. (A-C) Representative 

IHC images of γH2AX (A), p53 (B) and BrdU incorporation (C) before and after 3 Gy of 

IR. (D,E) Representative images of TUNEL staining and quantification of TUNEL-positive 

cells (E) before and after 3 Gy of IR. Data shown are means ± SD from 3 independent 

experiments. *, p<0.05; **, p<0.01.
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Figure 6. 
Evidence of increased oxidative stress in Palb2 mutant mice. (A) Representative IHC images 

of 8-oxo-dG in the mammary gland, intestine and thymus of wt and mutant mice. (B) ROS 

levels in wt and mutant primary MEFs at passage 2. Top panel, DCF fluorescence 

histograms of 3 pairs of wt (red) and mutant (blue) cells; lower panel, combined DCF 

fluorescence values of the 3 pairs of cells. (C) Representative western blots showing PALB2 

and NFκB p65 levels in wt and Palb2 mutant MEFs.
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Figure 7. 
Evidence for a role of NFκB in apoptosis and tumor development in Palb2 mutant mice after 

radiation. (A) Representative IHC images of NFκB (p65) in the mammary gland, intestine, 

thymus and spleen of wt and mutant mice. (B) Western blots showing the amounts of NFκB 

(p65) and p53 in the spleen of wt and mutant mice. Two pairs of mice (W1, W2 and M1, 

M2, respectively) were tested. (C,D) Representative TUNEL staining images (C) and 

quantification of TUNEL-positive cells (D) in the mammary gland of TPCA-1 treated wt 

and mutant mice before and after 3 Gy of radiation. (E,F) Representative TUNEL staining 

images (E) and quantification of TUNEL-positive cells (F) in the intestine of TPCA-1 

treated mice before and after 3 Gy of radiation. (G,H) Representative TUNEL staining 

images (G) and quantification of TUNEL-positive cells (H) in the thymus of TPCA-1 

treated mice before and after 3 Gy of radiation. For all TUNEL experiments, results shown 

are means ± SD from 3 independent experiments. *, p<0.05; **, p<0.01. (I) Kaplan-Meier 

tumor-free survival curves of TPCA-1 untreated and treated Palb2 mutant mice after 3 × 2 

Gy of radiation. P value is calculated by log-rank analysis using GraphPad Prism7.
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