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Abstract

The cellular DNA replication stress response functions to stabilize DNA replication forks and 

inhibit genome instability and tumorigenesis induced by oncogenes. However, the specific proteins 

required for resolving oncogenic stress remain poorly understood. Here we report that Smarcal1 

and Zranb3, closely related replication fork remodeling proteins, have non-redundant functions in 

resolving Myc-induced DNA replication stress. In Myc overexpressing primary cells, significant 

differences in replication fork stalling, collapse, and DNA damage were detected between cells 

deficient in Smarcal1 or Zranb3, leading to changes in proliferation and apoptosis. These 

differences were also reflected in Myc-induced lymphoma development; haploinsufficiency of 

Smarcal1 resulted in accelerated lymphomagenesis, whereas haploinsufficiency of Zranb3 

inhibited lymphoma development. Complete loss of either protein resulted in disparate survival 

outcomes. Our results reveal that endogenous replication stress from Myc in primary cells requires 

both alleles of Smarcal1 and Zranb3 and demonstrate the requirement of both proteins to stabilize 

replication forks upon Myc dysregulation in a non-redundant manner.
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Introduction

DNA replication stress leads to replisome stalling and potential replication fork collapse. It 

has been implicated in several human pathologies and in particular, is considered a 

significant contributor to cancer (1–6). Replication stress is present in pre-neoplastic lesions 

and is a hallmark of transformed cells (1,2,6). In cancer cells, dysregulated oncogenes, such 

as the transcription factor Myc, cause DNA replication stress by stimulating aberrant origin 

firing, driving premature S-phase entry, inducing transcriptional interference with the 

replisome, and modifying cellular metabolism (7). To suppress replication stress, which is 
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believed to drive genomic instability and cellular transformation, cells activate a replication 

stress response (1–5).

The replication stress response is a highly complex, incompletely understood, and 

evolutionary conserved mechanism that functions to prevent replication fork collapse, 

safeguard DNA synthesis, and protect the genome (1–5). Critical aspects of the replication 

stress response include stabilization, repair, and restart of stalled replication forks. Although 

multiple proteins are reported to interact with stalled replisomes and facilitate fork repair 

and restart (8,9), much remains unknown. The vast majority of studies performed to-date 

have been conducted with yeast, were in vitro biochemical analyses, and/or utilized 

exogenous sources of replication stress to which mammalian cells are not normally exposed. 

Moreover, the contribution of specific replication stress response proteins in resolving 

different types of replication stress, whether there is functional redundancy between 

proteins, and the specific physiologically relevant cellular contexts (e.g., oncogenic stress, 

emergency hematopoiesis, etc.) that may require one protein over another remains largely 

unresolved.

One class of proteins involved in replication fork stability is the SNF2 family of DNA 

translocases. This family includes the closely related DNA fork remodeling proteins 

Smarcal1 and Zranb3 (10). Upon replication stress, both Smarcal1 and Zranb3 function 

similarly in vitro by binding DNA at stalled replication forks, re-annealing excessive single-

stranded DNA, and promoting fork regression and remodeling (11–19). However, Smarcal1 

and Zranb3 are recruited to stalled forks through different protein interactions (11–16,19,20) 

and have different substrate preferences (21). Smarcal1 also resolves replication stress at 

telomeres (22,23). While multiple studies have shown that these proteins functions to 

stabilize replication forks and promote replication restart upon treatment with genotoxic 

agents in cancer cell lines in vitro (11–13,15,16), the specific biological contexts requiring 

each protein remain poorly characterized. Although possessing similar biochemical 

functions (11–19), it is currently unknown whether Smarcal1 and Zranb3 can compensate 

for one another under physiological conditions in primary cells. Moreover, it is unknown 

whether endogenous sources of replication stress, such as Myc dysregulation in pre-

neoplastic primary cells, require either (or both) protein for replication fork stability.

To address these outstanding questions, we utilized a transgenic mouse model (Eμ-myc) 

where Myc is overexpressed only in B lymphocytes causing B-cell lymphomagenesis (24). 

We observed profound differences in survival between Eμ-myc mice that were Smarcal1-

deficient or Zranb3-deficient. These differences were due to alterations in replication fork 

stability, DNA damage, apoptosis, and proliferation of B cell, and the gene dosage of each 

protein. Our data identify Myc as the first endogenous source of replication stress that 

requires both Smarcal1 and Zranb3 for resolution, and establishes that there are unique, non-

redundant biological functions of Smarcal1 and Zranb3 in vivo that influence Myc-induced 

tumor development.
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Materials and Methods

Mice

C57Bl/6 Smarcal1+/Δ mice were previously provided by Dr. Cornelius Boerkoel (University 

of British Columbia). C57Bl/6 Zranb3+/− founder mice were purchased from the Texas 

Institute of Genomic Medicine (TIGM, Fort Worth, TX). Zranb3+/− mice were generated 

from murine embryonic stem cells retrovirally transduced with a vector encoding a gene 

trapping cassette. A unique gene trapping insertion occurred prior to exon 8 in the Zranb3 
gene locus (Supplemental Fig. S1A). For survival studies, mice were monitored and 

sacrificed upon signs of tumor development and/or illness. The Smarcal1 Eμ-myc survival 

study was completed between 2010 and 2013. The Zranb3 Eμ-myc survival study was 

completed between 2015 and 2017. All spleen and bone marrow evaluated were removed 

from young mice prior to any lymphoma development. All experiments were performed 

with young male and female littermate-matched mice. All mouse studies were reviewed and 

approved by the Institutional Animal Care and Use Committee at either Vanderbilt 

University or Thomas Jefferson University.

Primary cell culture and retroviral infection

Short-term primary cell cultures of pro-B cells of each genotype were generated and 

passaged by culturing bone marrow cells on a bone marrow stromal feeder layer derived 

from the same mouse in RPMI 1640 with 20% FBS, 2 mM glutamine, 55 μM β-

mercaptoethanol, penicillin/streptomycin, and 10 ng/mL interleukin-7. Pro-B cells were 

retrovirally infected with MSCV-MycER-IRES-GFP, as previously described (25), and GFP

+ pro-B cells sorted by flow cytometry. Cell number and viability were determined (in 

triplicate) by trypan blue dye exclusion. Cell proliferation was evaluated by MTS assays 

(Promega, 490 nm) according to the manufacturer’s instructions.

B cell purification

Spleens or bone marrow from mice were processed into single cell suspensions. B cells were 

negatively selected by incubating cells with a biotinylated B cell enrichment antibody 

cocktail (CD43, CD4, Ter-119) followed by incubation with streptavidin magnetic particles 

and magnetization according to the manufacturer’s instructions (BD Biosciences).

DNA fiber labeling

Purified bone marrow B cells or bone marrow-derived pro-B cells were pulse labeled with 

25 μM IdU (5-Iodo-2’-deoxyuridine; Sigma Aldrich) for 20 or 30 minutes, respectively, 

washed with 1× DPBS, and labeled with 250 μM CldU (5-Chloro-2’-deoxyuridine; Sigma 

Aldrich) for 20 or 30 minutes, respectively, both at 37°C. Cells were lysed with DNA 

spreading buffer (0.5% SDS, 200 mM Tris-HCl (pH 7.4), 50 mM EDTA) for 6 minutes and 

DNA spread across frosted microscope slides. Slides were air dried for 40 minutes and fixed 

with 3:1 methanol/acetic acid for 2 minutes. DNA was denatured by submerging slides in 

2.5N HCl for 80 minutes. Slides were blocked for 1 hour with blocking buffer (10% normal 

goat serum, 0.1% Triton-X 100 in 1× DPBS) and incubated with rat anti-CldU antibody 

(Abcam) diluted 1:50 in blocking buffer for 1 hour. After washing 3× with 1× DPBS, slides 
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were incubated with AlexaFluor-488 goat anti-rat secondary antibody (Invitrogen) diluted 

1:200 in blocking buffer for 30 minutes. Slides were then washed 3× in 1× DPBS and 

incubated with mouse anti-IdU antibody (BD) diluted 1:50 in blocking buffer for 1 hour. 

Slides were washed 3× with 1× DPBS and incubated with Cy3 goat anti-mouse secondary 

antibody (Invitrogen) diluted 1:200 in blocking buffer for 30 minutes. All antibody 

incubations were done in a humidified chamber. Slides were washed 3× with 1× DPBS, air 

dried for 20 minutes and mounted with ProLong Gold (Invitrogen) and allowed to cure 

overnight. All incubations and washes were at room temperature. Images were captured 

(blinded) on a Nikon Eclipse Ni using a 100× oil objective (Nikon) and fibers were 

measured and analyzed using ImageJ software.

Flow cytometry analysis of immunophenotype, BrdU incorporation, cell cycle, and 
apoptosis

Bone marrow or spleens were harvested from mice and processed into single cells 

suspensions. Immunophenotyping was performed as we previously reported (26,27), using 

fluorochrome-linked antibodies specific for IgM, IgD, CD19, and B220 from Southern 

Biotech, CD43, Ly6A/E, and CD34 from BD Biosciences, and CD4 from eBiosciences. For 

BrdU experiments, mice were intraperitoneally injected with 1 mg BrdU and tissues 

harvested after 16 hours. BrdU incorporation was measured according to the manufacturer’s 

instructions (BD Biosciences). Cell cycle and subG1 DNA content was evaluated by 

propidium idodide (Sigma) staining of DNA, as we previously reported (28,29). Apoptosis 

was measured by Annexin-V/7AAD (BD BioSci) staining, as we previously reported 

(28,30). All samples were evaluated on an LSRII or BD Fortessa instrument (BD 

Biosciences) and analyzed using FlowJo software.

Western blotting

Whole cell lysates were Western blotted using antibodies specific for Rpa32, phospho-

Rpa32 (Ser33), phospho-Rpa32 (Ser4/8), and Zranb3 from Bethyl Laboratories; Chk1, 

phospho-Chk1 (Ser345), and cleaved Caspase 3 from Cell signaling; Myc from EMD 

Millipore; and β-actin from Sigma Aldrich, as previously described (31). The Smarcal1 

antibody was provided by Dr. David Cortez (Vanderbilt University).

γH2AX immunofluorescence

Quantification of γH2AX foci by immunofluorescence was performed as previously 

described (32). Images were captured on a Nikon C2 or A1R confocal microscope (Nikon) 

and analyzed using ImageJ. All samples were blinded for analysis and a minimum of 100 

cells were analyzed per experiment.

Comet assay

Neutral comet assays were performed on pro-B cells or purified splenic B cells as previously 

described (33,34). Images were captured on a Nikon Eclipse Ni (Nikon) with a 10× 

objective and analyzed using CometScore software. All samples were blinded and a 

minimum of 75 cells per sample were scored.
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Statistical analysis

Statistical analysis was determined using Student’s t-test (Figs. 1B, 1E, 1G, 6A–6D, 6F-6I), 

chi-square test (Figs. 1D, 1F, 3G, 3H, 3K, 3L, 4G, 4H, 4K, 4L), log-rank tests (Figs. 2A, 

2B), or one-way ANOVA with a Bonferroni post-test (Figs. 3B, 3E, 3I, 3J, 3M, 3N, 4B, 4E, 

4I, 4J, 4M, 4N, 5A–5F). All calculations were performed using GraphPad Prism software.

Results

Myc overexpression generates replication stress in primary B cells.

Myc dysregulation is a source of endogenous DNA replication stress, which is thought to 

contribute to tumorigenesis (35–38). Currently, there is a paucity of knowledge on the 

molecular consequences of this endogenous stress at the replication fork. To evaluate the 

effects of a physiological source of DNA replication stress, Eμ-myc transgenic mice that 

overexpress Myc only in B cells and develop B cells lymphomas (24) were utilized. We 

performed single-molecule DNA fiber analysis on purified B cells from Eμ-myc transgenic 

mice prior to lymphoma development and littermate-matched wild-type controls (Fig. 1A). 

Myc-overexpressing B cells showed a significant reduction in fiber length, which is 

indicative of impaired DNA replication (Figs. 1B and 1C). Fibers that only incorporate the 

first nucleotide analog (IdU), but not the second (CldU), represent stalled forks or 

terminated replication. These IdU-only fibers were significantly increased in Eμ-myc B cells 

compared to wild-type B cells (Fig. 1D). To determine whether Myc overexpression caused 

fork stalling, we evaluated the incidence of sister replication fork asymmetry by comparing 

the relative CldU track lengths of replication forks originating from the same origin. B cells 

overexpressing Myc had significantly higher rates of asymmetric sister forks (Fig. 1E). 

Thus, Myc overexpression results in fork stalling and impaired replication fork progression 

in primary murine B cells.

Prolonged fork stalling can lead to replication fork collapse resulting in double-stranded 

DNA breaks (5). Evaluation of DNA damage in B cells showed Eμ-myc mice had a 

significantly higher percentage of B cells with γH2AX foci, a marker of double-stranded 

DNA breaks (Fig. 1F), and increased DNA breaks (Fig. 1G) compared to wild-type 

littermates. Additionally, B cells from Eμ-myc mice had increased activation of the 

replication stress response compared to wild-type littermates. There were elevated levels of 

phosphorylated Chk1 (Ser345) and Rpa32 (Ser33), as well as phospho-Rpa32 (Ser4/8), a 

marker of DNA damage (Fig. 1H). Therefore, Myc overexpression generates replication 

stress, inducing a robust replication stress response in primary B lymphocytes prior to 

cellular transformation.

Loss of Smarcal1 or Zranb3 significantly alters Myc-driven lymphoma development

Smarcal1 and Zranb3 have been implicated in resolving replication stress caused by drugs 

that induce fork stalling in vitro (11–16), but their role in responding to replication stress 

under physiological conditions is incompletely understood. To assess in an unbiased, 

biologically relevant system the contribution of Smarcal1 and Zranb3 in the replication 

stress response to Myc overexpression, we utilized mouse models. We previously reported 

Smarcal1 loss-of-function mice, which express an N-terminal truncated, non-functional 
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Smarcal1 protein, Smarcal1Δ (32). Zranb3 knockout mice contain a gene trapping cassette 

in the Zranb3 gene locus and do not express Zranb3 protein (Supplemental Fig. S1A and B). 

Similar to Smarcal1-deficient mice, Zranb3+/− and Zranb3−/− mice displayed no overt 

abnormalities.

We crossed the Smarcal1Δ and Zranb3 knockout mice to Eμ-myc transgenic mice and 

monitored lymphoma development. Previously, using a γ-radiation replication stress-

induced model of T-cell lymphomagenesis, we reported loss of one or two alleles of 

Smarcal1 inhibited lymphomagenesis and increased overall survival (32). However, with 

Myc-induced replication stress, there was a significant acceleration in B cell lymphoma 

development and decreased survival of Smarcal1+/Δ Eμ-myc mice compared to Smarcal1+/+ 

Eμ-myc mice (Fig. 2A) with mean survivals of 135 days and 187 days, respectively. 

Unexpectedly, Smarcal1Δ/Δ Eμ-myc mice showed no statistically significant difference in 

overall survival compared to wild-type Eμ-myc mice (p=0.3224) and had a mean survival of 

224 days. However, Smarcal1Δ/Δ Eμ-myc mice showed significantly increased survival 

compared to Smarcal1+/Δ Eμ-myc mice (p=0.0002, Fig. 2A), revealing a Smarcal1 gene 

dosage effect on Myc-induced lymphomagenesis.

In contrast to Smarcal1-deficient Eμ-myc mice, lymphoma development was significantly 

inhibited in both Zranb3+/− and Zranb3−/− Eμ-myc mice compared to wild-type littermates 

(Fig. 2B), with mean survivals of 149, 138 and 104 days, respectively. Thus, for proteins 

thought to be very similar biochemically, our data demonstrate a difference in function in 

responding to Myc-induced replication stress in vivo.

Eμ-myc mice typically develop pre-B and/or B cell lymphomas (24,27,39), but a subset of 

Smarcal1+/Δ, Zranb3+/−, and Zranb3−/− Eμ-myc mice developed early progenitor B cell 

lymphomas (Fig. 2C and Table 1), suggesting Smarcal1 and Zranb3 loss influenced the 

tumor cell of origin. Taken together, our data indicate both Smarcal1 and Zranb3 are critical 

non-redundant proteins in the cellular response to Myc-induced replication stress. Moreover, 

the expression levels of these proteins profoundly affect Myc-induced lymphoma 

development and survival.

Smarcal1 loss results in replication fork collapse upon Myc overexpression.

To begin to determine the cause(s) of the differences in survival of the Smarcal1- and 

Zranb3-deficient Eμ-myc mice, we evaluated the consequences of Smarcal1 loss at the 

replication fork in B cells overexpressing Myc. Single-molecule DNA fiber analysis was 

performed on purified bone marrow B cells from Smarcal1 Eμ-myc littermates (Fig. 3A). 

Loss of both alleles of Smarcal1 led to a significant reduction in mean fiber length and loss 

of a single Smarcal1 allele led to an intermediate, but statistically significant reduction in 

fiber length (Figs. 3B and 3C). To independently validate these results, we retrovirally 

expressed a 4-hydroxytamoxifen (4-OHT)-inducible form of Myc, MycER (40), in pro-B 

cells from wild-type, Smarcal1+/Δ and Smarcal1Δ/Δ mice. We performed fiber analysis in 

these cells 8 hours after activation of MycER with 4-OHT addition (Fig. 3D), a point when 

MycER has induced S-phase entry, but prior to significant Myc-induced apoptosis. With 

MycER induction, we observed a significant reduction in mean fiber length in the 

Smarcal1Δ/Δ cells and an intermediate reduction in the Smarcal1+/Δ cells (Figs. 3E and 3F). 
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The differences in fiber lengths were not due to Smarcal1 loss alone, as Smarcal1-deficient 

pro-B cells with normal Myc levels, did not show changes in fiber length (Supplemental 

Figs. S2A–C). Therefore, two independent approaches with primary B cells demonstrate 

loss of Smarcal1 function at replication forks in the presence of oncogene overexpression 

impairs DNA replication.

Since the fork reversal/remodeling function of Smarcal1 stabilizes stalled forks and 

promotes replication restart (11,12,15,21), we sought to determine whether fibers from 

Smarcal1-deficient cells displayed evidence of increased fork stalling/collapse. In both the 

Smarcal1Δ/Δ Eμ-myc bone marrow B cells and the Smarcal1Δ/Δ pro-B cells with activated 

MycER, there was a significant increase in the percentage of fibers that had only 

incorporated IdU (Figs. 3G and 3H). Moderate differences were observed with loss of a 

single Smarcal1 allele, but it did not reach statistical significance. There were no differences 

in IdU-only fibers in B cells between the genotypes that did not overexpress Myc 

(Supplemental Fig. S2D). However, in both Eμ-myc and MycER activated Smarcal1Δ/Δ B 

cells, we observed increased rates of fork asymmetry (Figs. 3I and 3J), indicating loss of 

Smarcal1 results in replication fork stalling when B cells are under oncogenic stress.

Evaluation of DNA damage in Eμ-myc B cells and pro-B cells following MycER activation 

showed a significant increase in the percentage of Smarcal1-deficient B cells with γH2AX 

foci and DNA breaks (Figs. 3K–3N). Myc overexpression in Smarcal1Δ/Δ B cells had higher 

levels of DNA damage than Smarcal1 heterozygous B cells, which had a small, but 

significant increase in damaged DNA (Figs. 3K–3N). This DNA damage was not due to 

Smarcal1 loss alone, as B cells from non-Myc overexpressing Smarcal1-deficient mice 

showed no increase in DNA damage (Supplemental Figs. S2E and F). Thus, Smarcal1 

stabilizes replication forks in response to oncogene dysregulation in a gene dosage-

dependent manner, preventing fork collapse.

Zranb3 is required for replication fork stability when Myc is overexpressed.

To determine effects of Zranb3 loss on replication fork stability in B cells with Myc 

dysregulation, and to compare with Smarcal1 loss, we evaluated DNA fiber length, fork 

collapse, and DNA damage. In both Eμ-myc bone marrow B cells (Figs. 4A–4C) and 

MycER activation in pro-B cells (Figs. 4D–4F), there was a significant analogous reduction 

in mean DNA fiber length in Zranb3+/− and Zranb3−/− cells. Evaluation of B cells for fork 

collapse showed significantly higher rates of IdU-only fibers and asymmetric sister forks in 

Zranb3+/− and Zranb3−/− Eμ-myc B cells and MycER activated pro-B cells compared to 

wild-type controls (Figs. 4G–4J). However, unlike Smarcal1, loss of a single Zranb3 allele 

induced the same level of fork stalling as that in Zranb3−/− B cells, indicating a loss of both 

Zranb3 alleles was no more deleterious to forks than Zranb3 haploinsufficiency. The 

increase in fork collapse in Zranb3-deficient B cells led to significantly increased rates of 

γH2AX foci and DNA breaks in both the Eμ-myc B cells and MycER activated pro-B cells 

(Figs. 4K–4N). The differences in DNA fiber length, fork collapse, and DNA damage/breaks 

with loss of Zranb3 were dependent on Myc overexpression, as B cells lacking one or both 

Zranb3 alleles with normal Myc levels did not show differences compared to wild-type 

controls (Supplemental Fig. S3A–F). Together, these data demonstrate Zranb3 is crucial for 
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maintaining replication fork stability in the presence of dysregulated Myc. Moreover, unlike 

Smarcal1, loss of a single Zranb3 allele results in effects equally as severe as observed in 

Zranb3-null cells, suggesting a more critical biological function for Zranb3 in resolving 

oncogene-induced replication stress. Furthermore, these data demonstrate that Smarcal1 and 

Zranb3 are unable to biologically compensate for one another, as loss of either protein led to 

significant replication defects.

Smarcal1- and Zranb3-deficient Eμ-myc mice have reduced numbers of B cells.

To determine the biological consequences of increased fork collapse and DNA breaks in 

Smarcal1-deficient and Zranb3-deficient Myc overexpressing B cells, we evaluated B cell 

populations in both colonies. We first evaluated hematopoietic organs in non-Eμ-myc 
transgenic mice to determine if loss of either protein alone altered B cell populations. 

Smarcal1-deficient and Zranb3-deficient mice displayed no overt B cell phenotypes in either 

the spleen or the bone marrow. Numbers of splenic leukocytes (Fig. 5A) and percentages of 

splenic B cells (Fig. 5B) were unchanged between all non-Eμ-myc transgenic genotypes. 

Similarly, both the percentages and total numbers of developing B cell populations in the 

bone marrow were analogous in both colonies (Supplemental Fig. S4A and B). Additionally, 

loss of Zranb3 or Smarcal1 did not affect the ability of bone marrow cells to differentiate 

into pro-B cells ex vivo (Supplemental Fig. S5A and B). Therefore, our data indicate loss of 

either Smarcal1 or Zranb3 alone is insufficient to alter B cell development or total B cell 

numbers in young, unstressed animals.

We next evaluated B cell populations in Myc overexpressing Smarcal1-deficient and Zranb3-
deficient mice. There were no significant differences in developing B cell populations in the 

bone marrow of Smarcal1-deficient or Zranb3-deficient Eμ-myc mice (Supplemental Fig. 

S6A and B). In Smarcal1Δ/Δ Eμ-myc mice there was a trend towards decreased splenic 

leukocyte numbers that did not reach statistical significance (Fig. 5C), but they had 22–28% 

fewer mature B cells compared to either Smarcal1+/Δ or wild-type Eμ-myc littermates (Fig. 

5D). Zranb3+/− and Zranb3−/− Eμ-myc mice had a significant reduction (18–22%) in splenic 

leukocytes (Fig. 5C) and mature B cells (Fig. 5D) compared to wild-type Eμ-myc mice. 

These data suggest complete loss of Smarcal1 and loss of only a single Zranb3 allele is 

sufficient to sensitize B cells to Myc overexpression, resulting in a reduction in B cells in 

Eμ-myc mice.

Smarcal1-deficient but not Zranb3-deficient Eμ-myc mice have fewer proliferating B cells.

Due to the function of Smarcal1 and Zranb3 at DNA replication forks, we investigated 

whether a deficiency in Smarcal1 or Zranb3 would alter cell cycle, particularly S-phase, with 

Myc overexpression. Evaluation of S-phase revealed that B cells from Smarcal1Δ/Δ Eμ-myc 
mice incorporated significantly less BrdU compared to wild-type and Smarcal1+/Δ Eμ-myc 
littermates (Fig. 5E). Investigation of cell cycle with propidium iodide also showed a 

reduction in the percentage of B cells in S-phase with a concomitant increase in the 

percentage in G0/G1 in Smarcal1Δ/Δ Eμ-myc mice compared to wild-type Eμ-myc 
littermates (Fig. 5E). In contrast, neither Zranb3+/− Eμ-myc nor Zranb3−/− Eμ-myc B cells 

had significant differences in BrdU incorporation compared to wild-type Eμ-myc littermates 

(Figs. 5F). Lack of either Smarcal1 or Zranb3 alone without Myc overexpression had no 
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effect on B cell proliferation or BrdU incorporation (Supplemental Fig. S7A–F). Thus, loss 

of both Smarcal1 alleles, but not Zranb3 leads to decreased cell cycle progression in B cells 

overexpressing Myc.

Loss of Smarcal1 or Zranb3 sensitizes B cells to Myc-induced apoptosis.

Myc overexpression induces apoptosis in normal cells, which serves as a barrier to 

transformation (41). We evaluated susceptibility to Myc-induced apoptosis of Smarcal1 and 

Zranb3-deficient B cells. We assessed pro-B cells ex vivo with MycER, because apoptotic B 

cells in vivo are cleared quickly. Following MycER activation with 4-OHT in Smarcal1+/Δ 

and Smarcal1Δ/Δ B cells, there was a significant decrease in cell expansion (Fig 6A) that was 

attributable to reduced cell number and viability (Fig. 6B) and increased numbers of B cells 

that were Annexin-V positive (Figs. 6C), contained sub-G1 DNA (Figs. 6D), and had 

cleaved caspase 3 (Figs. 6E). The effects of Myc activation in Smarcal1+/Δ B cells was 

intermediate between wild-type and Smarcal1Δ/Δ B cells, indicating a degree of retained 

Smarcal1 function in the heterozygous cells. Loss of one or both alleles of Zranb3 resulted 

in significantly decreased B cell expansion (Fig. 6F), cell number, and viability (Fig. 6G) 

and increased Annexin-V positivity (Fig. 6H), sub-G1 DNA (Figs. 6I), and cleaved Caspase 

3 (Fig. 6J) following MycER activation. In contrast to Smarcal1, the effects of MycER 

activation in Zranb3+/− B cells were similar to that in Zranb3−/− B cells. These results 

provide additional evidence that loss of a single Zranb3 allele is profoundly deleterious to B 

cells overexpressing Myc, whereas Myc overexpressing B cells are impacted, but can 

tolerate loss of one allele of Smarcal1 providing fertile ground for transformation.

Discussion

The DNA replication stress response is an essential mechanism employed by cells to protect 

replication forks and facilitate successful DNA synthesis (1–3,5). However, while significant 

strides have been made in understanding the biochemical aspects of this process (21,42–45), 

the biological importance and consequences of specific proteins that mediate fork reversal, 

particularly under physiological conditions, remained unknown. In this study, utilizing 

primary cells and mouse models, our data reveal that both Smarcal1 and Zranb3 are essential 

and non-redundant for responding to DNA replication stress and stabilizing replication forks 

during oncogene dysregulation. Biologically, we demonstrate in mice the consequence of 

loss of either Smarcal1 or Zranb3 profoundly altered Myc-driven B cell lymphomagenesis 

and revealed that gene dosage had a significant impact. Zranb3 haploinsufficiency inhibited 

Myc-induced lymphoma development and increased survival, whereas loss of one Smarcal1 
allele accelerated lymphomagenesis and decreased survival. Our data reveal levels of 

Smarcal1 and Zranb3 have unique roles in stabilizing forks and preventing DNA breaks and 

apoptosis during oncogenic replication stress in vivo that was not previously known.

Prior to this current study, no endogenous sources of replication stress had been reported to 

require Zranb3, and telomeric sequences were the only known source of endogenous stress 

requiring Smarcal1 (22,23). Here, we identified Myc overexpression as an endogenous 

source of replication stress that required both Smarcal1 and Zranb3 for replication fork 

stability. Notably, our data indicate their functions are not redundant in that neither Smarcal1 
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nor Zranb3 could compensate for the other when one was lost in the presence of Myc 

overexpression. Moreover, the different biological results that were observed in Eμ-myc 
mice and B cells from them with a Smarcal1-deficiency compared to a Zranb3-deficiency 

indicate distinct functions for these proteins in resolving the type of replication stress caused 

by an oncogene. Thus, while loss of Smarcal1 or Zranb3 negatively impacted fork stability 

during oncogenic stress, they appear to have unique functions in promoting fork repair and 

restart during this particular type of stress that are essential to prevent DNA damage leading 

to tumorigenesis or apoptosis.

Previously, SMARCAL1 was shown to be required for replication fork restart and cell 

viability when human cancer cell lines are treated with genotoxic agents in vitro (11,12,15). 

However, our data reveal there are different requirements for Smarcal1 with different 

replication stresses in vivo. Specifically, we reported that loss of one or both Smarcal1 
alleles inhibited gamma radiation-induced DNA replication stress-mediated T-cell 

lymphoma development (32). In this model, radiation stimulates a burst of hematopoietic 

stem and progenitor cell proliferation, acutely generating replication stress in these cells, 

resulting in T-cell lymphoma (46,47). In contrast, here we show in Eμ-myc mice, which have 

a constitutively increased level of Myc (3–4 fold) in B cells causing chronic replication 

stress in B cells, an acceleration of B-cell lymphomagenesis with loss of one Smarcal1 allele 

and no change in the rate of B cell lymphoma development in Smarcal1-null Eμ-myc mice. 

In the radiation model, loss of single allele of Smarcal1 was sufficient to confer profound 

sensitivity to hematopoietic cells to this acute replication stress, causing significant 

apoptosis of cycling cells (32). However, with Myc overexpression, Smarcal1 
haploinsufficiency resulted in a mild cellular phenotype in B cells with a modest increase in 

apoptosis and small changes in replication fork stability and DNA damage, which resulted in 

increased B cell transformation. The significant differences in the biological effects in these 

two studies uncover DNA replication stress-specific and/or cellular context differences of 

Smarcal1. Future studies investigating the distinctions between acute and chronic replication 

stress would further define the precise physiological settings that require Smarcal1 for fork 

protection and begin to characterize the differences Zranb3 has in relationship to Smarcal1.

Studies investigating the contribution of Zranb3 in responding to different types of stress 

under various conditions in vitro have not provided a clear understanding of Zranb3. 

Previous studies showed in human cancer cell lines knockdown of ZRANB3 had increased 

rates of fork stalling and impaired fork restart upon hydroxyurea treatment and withdrawal, 

respectively (13,16). In contrast, knockout of ZRANB3 in a human cancer cell line led to 

increased rates of fork progression due to the abolishment of Zranb3-mediated of fork 

reversal following treatment with genotoxic agents (20). Our data in primary B cells show 

Myc-overexpressing Zranb3-null had impaired fork progression due to fork collapse and 

increased DNA damage. Notably, loss of a single Zranb3 allele was as deleterious to B cells 

as loss of both alleles when Myc was overexpressed. Thus, future studies are needed to 

determine whether specific cellular contexts, sources, and duration of replication stress 

require Zranb3 differently.

Overall, our data significantly advance understanding of the closely related proteins, 

Smarcal1 and Zranb3, by revealing their essential, non-redundant in vivo function in 
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replication fork stability during oncogenic stress and their contribution to Myc-driven tumor 

development. In addition, our data suggest that Smarcal1 and Zranb3 are likely to be 

important in other Myc-driven malignancies, and could provide a therapeutic opportunity. 

Since Myc is overexpressed in at least 70% of human cancers, these malignancies may rely 

on Smarcal1 and Zranb3 to stabilize forks and complete replication. Developing inhibitors 

against these proteins, particularly Zranb3, could provide therapeutic benefit for Myc-driven 

malignancies. Additionally, synthetic lethal approaches using targeted inhibitors combined 

with replication-stress inducing drugs may be useful to treat Myc-driven malignancies. 

Further studies investigating these approaches are needed to determine the therapeutic 

efficacy of drugging fork remodelers in Myc-driven cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Smarcal1 and Zranb3 are essential, but non-redundant, for responding to DNA replication 

stress and stabilizing replication forks following MYC overexpression.
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Figure 1. Myc overexpression leads to replication stress in primary B cells.
(A-E) B cells purified from bone marrow of Eμ-myc and littermate wild-type (WT) mice 

were subjected to single-molecule DNA fiber analysis. A) Design of DNA fiber analysis and 

representative fiber images. B) Quantification of total fiber length from two independent 

experiments; red line is median. C) Binned fiber length frequencies from (B). D) 

Quantification of fibers that only incorporated IdU from (B); SEM. E) Ratios of measured 

CldU tracks from left and right moving forks from the same replication origin; median 

indicated with red bar. F) Quantification of immunofluorescence of γH2AX foci in purified 
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bone marrow B cells; SEM. G) Box-and-whisker plots of tail moments of purified bone 

marrow B cells. Box is the 25th and 75th percentiles, whiskers are 5th and 95th percentiles, 

line is the median. H) Whole cell lysates from spleens of littermate-matched Eμ-myc and 

WT mice were Western blotted for the indicated proteins. B cell lymphoma treated with 

etoposide or vehicle served as positive (+) and negative (–) controls, respectively, for the 

replication stress response. Total number (n) of fibers (B), replication structures (D, E), or 

cells (F, G) noted. Student’s t-tests (B, E, G) or chi-square tests (D, F); *p<0.0001, 

**p=0.0037, ***p=0.0052.
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Figure 2. Deficiency of Smarcal1 or Zranb3 significantly alters Myc-induced lymphomagenesis.
A, B) Kaplan-Meier survival curves of mice of the indicated genotypes. Overall P values in 

figures and p=0.0142 (+/+ vs. +/Δ), p=0.0002 (+/Δ vs. Δ/Δ), p=0.3224 (+/+ vs. Δ/Δ) (B), and 

p=0.0066 (+/+ vs. +/−), p=0.0199 (+/+ vs. −/−), log-rank tests. Number (n) of mice 

indicated. C) Representative flow cytometry contour plots of the early precursor B cell 

lymphomas arising in a fraction of the Smarcal1+/Δ Eμ-myc, Zranb3+/− Eμ-myc, and 

Zranb3−/− Eμ-myc mice (also see Table 1) using fluorochrome-linked antibodies specific for 

B cell surface markers (indicated).
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Figure 3. Smarcal1-deficient B cells have increased rates of replication fork collapse with Myc 
dysregulation.
B cells from Smarcal1+/+ Eμ-myc, Smarcal1+/Δ Eμ-myc, and Smarcal1Δ/Δ Eμ-myc mice 

were purified from bone marrow (A-C, G, I) or spleen (K, M). Pro-B cell cultures from 

Smarcal1+/+, Smarcal1+/Δ, and Smarcal1Δ/Δ mice expressing MycER (D-F, H, J, L, N) with 

MycER activated by the addition of 4-hydroxytamoxifen (4-OHT) for 8 hours. (A, D) 

Design of DNA fiber labeling experiments and images of representative fiber tracks. B, E) 

Quantification of total fiber length in purified Eμ-myc B cells (B) and MycER pro-B cells 

(E); median indicated with red bar. C, F) Fiber length frequencies from (B) and (E), 

Puccetti et al. Page 18

Cancer Res. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



respectively. G, H) Quantification of DNA fibers that only incorporated IdU from Eμ-myc B 

cells (G) and MycER pro-B cells (H); SEM. I, J) Ratios of measured CldU track lengths 

from left and right moving forks from the same replication origin from Eμ-myc B cells (I) 

and MycER pro-B cells (J); median indicated with red bar. K, L) Quantification of 

immunofluorescence of γH2AX foci in Eμ-myc B cells (K) and MycER pro-B cells (L); 

SEM. M, N) Box-and-whisker plots of tail moments of Eμ-myc B cells (M) and MycER pro-

B cells (N). Line is the median, boxes are the 25th and 75th percentiles, whiskers are the 5th 

and 95th percentiles. The total number (n) of fibers (B, E), replication structures (G-J), or 

cells (K-N) analyzed is indicated. All data are from 2–3 independent experiments. One-way 

ANOVA with Bonferroni correction (B, E, M, N, I, J) or chi-square test (G, H, K, L); 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Puccetti et al. Page 19

Cancer Res. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Zranb3 protects replication forks during Myc-induced replication stress.
B cells from Zranb3+/+ Eμ-myc, Zranb3+/− Eμ-myc, and Zranb3−/− Eμ-myc mice were 

purified from bone marrow (A-C, G, I, K, M). Pro-B cells from Zranb3+/+, Zranb3+/− and 

Zranb3−/− mice expressing MycER (D-F, H, J, L, N) with MycER activated by the addition 

of 4-hydroxytamoxifen (4-OHT) for 8 hours. (A, D) Design of DNA fiber labeling 

experiments and images of representative fiber tracks. B, E) Quantification of total fiber 

length in purified Eμ-myc B cells (B) and MycER pro-B cells (E); median indicated with red 

bar. C, F) Fiber length frequencies from (B) and (E), respectively. G, H) Quantification of 
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DNA fibers that only incorporated IdU from Eμ-myc B cells (G) or pro-B cells (H); SEM. I, 

J) Ratios of measured CldU track lengths from left and right moving forks from the same 

replication origin from Eμ-myc B cells (I) and MycER pro-B cells (J); median indicated 

with red bar. K, L) Quantification of immunofluorescence of γH2AX foci in Eμ-myc B cells 

(K) and MycER pro-B cells (L); SEM. M, N) Box-and-whisker plots of tail moments of Eμ-

myc B cells (M) and MycER pro-B cells (N). Line is the median, boxes are the 25th and 75th 

percentiles, whiskers are the 5th and 95th percentiles. The total number (n) of fibers (B, E), 

replication structures (G-J), or cells (K-N) analyzed is indicated. All data are from 2–3 

independent experiments. One-way ANOVA with Bonferroni correction (B, E, M, N, I, J) or 

chi-square test (G, H, K, L); *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 5. Loss of Smarcal1 reduces cell cycle progression of B cells, whereas loss of Zranb3 does 
not when Myc is overexpressed.
A, C) Quantification of total splenic leukocytes from litters of the indicated genotypes. B, D) 

Representative contour plots and quantification of mature (B220+/IgM+) B splenocytes 

from litters of the indicated genotypes. E) Quantification of BrdU+ splenic B cells (CD19+; 

left) and the percentage of purified B cells in each phase of the cell cycle (right) from litters 

of the Eμ-myc mice of the indicated Smarcal1 genotype. Cell cycle was determined using 

Dean-Jett-Fox analysis. F) Quantification of BrdU+ splenic B cells (CD19+) from litters of 

the Eμ-myc mice of the indicated Zranb3 genotype. Total number (n) of mice indicated; data 
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are from 3–7 independent litters. Error bars are SEM; *p<0.05, one-way ANOVA with 

Bonferroni post-test.
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Figure 6. Loss of Smarcal1 or Zranb3 sensitizes B cells to Myc-induced apoptosis.
Bone marrow derived pro-B cells expressing MycER of the indicated genotypes. MycER 

was activated with 4-hydroxytamoxifen (4-OHT) and at intervals MTS assays (A, F), cell 

numbers and viability (B, G), Annexin-V positivity (C, H), and sub-G1 DNA content (D, I) 

were evaluated. Student’s t-tests determine significance, *p<0.0001. E, J) Western blots of 

whole cell lysates for the indicated proteins at intervals after MycER activation with 4-OHT.
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Table 1.

Precursor B cell lymphomas develop in the Smarcal1- and Zranb3-deficient Eμ-myc cohorts

Smarcal1 Zranb3

Phenotype +/+ +/ Δ Δ/Δ +/+ +/− −/−

B220+ CD19+ IgM+/− IgD+/− 9 (100%) 9 (81.8%) 9 (100%) 8 (100%) 9 (75.0%) 6 (85.7%)

B220+ CD19+/− IgMlo
Sca1+/lo CD34+ CD4+ 0 (0%) 2 (18.2%) 0 (0%) 0 (0%) 3 (25.0%) 1 (14.3%)
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