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ABSTRACT
PTEN is a tumor suppressor that is highly mutated in a variety of human cancers. 

Recent studies have suggested a link between PTEN loss and deficiency in the non-
homologous end-joining (NHEJ) pathway of DNA double strand break (DSB) repair. 
As a means to achieve synthetic lethality in this context, we tested the effect of 3E10, 
a cell-penetrating autoantibody that inhibits RAD51, a key factor in the alternative 
pathway of DSB repair, homology dependent repair (HDR). We report here that 
treatment of PTEN-deficient glioma cells with 3E10 leads to an accumulation of DNA 
damage causing decreased proliferation and increased cell death compared to isogenic 
PTEN proficient controls. Similarly, 3E10 was synthetically lethal to a series of PTEN-
deficient, patient-derived primary melanoma cell populations. Further, 3E10 was 
found to synergize with a small molecule inhibitor of the ataxia telangiectasia and 
Rad3-related (ATR) protein, a DNA damage checkpoint kinase, in both PTEN-deficient 
glioma cells and primary melanoma cells. These results point to a targeted synthetic 
lethal strategy to treat PTEN-deficient cancers through a combination designed to 
disrupt both DNA repair and DNA damage checkpoint signaling.

INTRODUCTION

Phosphatase and tensin homolog (PTEN) is a 
tumor suppressor known to negatively regulate the 
phosphoinositide 3-kinase (PI3K)/AKT signaling axis 
in order to control cell cycle progression, growth, and 
survival [1]. PTEN is frequently mutated or lost through 
chromosomal deletion in various human cancers, notably 
glioblastomas, melanomas and prostate cancers [2-8]. 
Further, loss of PTEN is often associated with higher 
grade tumors and shorter progression free and overall 
survival [9, 10]

PTEN loss has also been associated with 
chromosomal instability, sensitivity to DNA damaging 
agents, and compromised genomic integrity [11-15]. 
Many publications have linked PTEN to DNA double 
strand break (DSB) repair [13, 16-18]. DNA double-strand 
breaks (DSBs) are the most deleterious form of DNA 
damage, but DSBs are repaired by two main pathways: 
non-homologous end-joining (NHEJ) and homology-

directed repair (HDR). PTEN has been implicated to play 
a role in both HDR and NHEJ, but recently, our group 
has reported that PTEN promotes NHEJ by epigenetically 
inducing XLF gene expression [18], such that PTEN null 
cells show reduced XLF expression and consequently 
diminished NHEJ efficiency.

Recently, there has been an increasing focus on 
the therapeutic exploitation of DNA repair pathways 
for cancer therapy [19-21]. One example of this is the 
application of poly(ADP) ribose polymerase (PARP) 
inhibitors to selectively kill cancer cells with HDR 
deficiency. Patients with mutations in BRCA1 and BRCA2 
have been successfully treated in clinical trials with 
PARP inhibitors, leading to recent regulatory approvals. 
Recently, investigators have expanded clinical trials of 
PARP inhibitors to include malignancies with mutations 
in or deficiency of PTEN [22] (https://clinicaltrials.gov/ 
ID NCT02286687). 

Numerous other pharmacological strategies are 
being advanced to inhibit DNA repair, and most utilize 
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small molecules. As an alternative, our group has recently 
discovered that treatment of human cells with the cell-
penetrating autoantibody, 3E10, inhibits DNA DSB repair 
by HDR through a physical interaction between 3E10 
and RAD51 [23]. We demonstrated that 3E10 inhibits 
RAD51 accumulation on ssDNA and RAD51-dependent 
DNA strand exchange. Further, 3E10 inhibits RAD51 foci 
formation in response to ionizing radiation or etoposide. 

Loss of PTEN also leads to replication stress, 
and He and colleagues suggest that the PTEN-RAD51 
signaling axis acts in response to replication stress to 
ensure successful DNA replication [24]. RAD51 is known 
to be a key player at stalled replication forks and for repair 
of DNA breaks at collapsed forks. If stalled replication 
forks are intact, XRCC3 and RAD51-mediated strand 
invasion have been shown to support fork restart [25]. 
However, in the case of collapsed replication forks, new 
origin firing is required to rescue replication, and repair 
of the collapsed forks is dependent on classical RAD51-
mediated HDR [25]. Because RAD51 is critical for 
successful replication in PTEN deficient cells, and since 
3E10 inhibits HDR through an interaction with RAD51, 
we hypothesized that cells deficient in PTEN would not 
only have reduced DNA DSB repair via NHEJ, but would 
also have excessive replication stress, and thus increased 
sensitivity to RAD51 inhibition by 3E10. 

Further, the ataxia telangiectasia-mutated- and 
Rad3-related (ATR) kinase is recruited to replication 
protein A (RPA) coated single-stranded DNA at stalled 
replication forks and sites of DNA damage [26]. ATR 
mediated activation of the CHK1 protein leads to a 
signaling cascade and checkpoint response that protects 
cells from replication stress and ensures genomic 
integrity is maintained through proper replication fork 
progression [26, 27]. Thus, ATR is a critical component of 
replicating cells and has proven to be an attractive target 
for small molecule inhibition. Additionally, a recent study 
demonstrated the potential therapeutic benefit of an ATR 
inhibitor (VE-821) in PTEN-deficient breast cancers [28]. 
Because of this, we hypothesized that cells deficient in 
PTEN would also be sensitive to the combination of 3E10 
and an ATR inhibitor (VE-822). 

Here we report that 3E10 affects cellular viability 
of PTEN deficient cells in both glioma cell lines and in 
patient-derived primary melanoma cultures, indicating 
that inhibiting HDR with 3E10 leads to cytotoxicity in 
PTEN deficient cells. PTEN deficient cells treated with 
3E10 have an increased burden of DNA damage, shown 
by an accumulation of DNA repair foci and micronuclei. 
This increased DNA damage confers synergism with 
an ATR inhibitor in both glioma and melanoma cells. 
Together this provides evidence to develop targeted 
synthetic lethal approaches in PTEN-deficient cancers 
through combination therapies that will further aid in the 
development personalized treatment strategies.

RESULTS

3E10 scFv confers synthetic lethality with PTEN 
deficiency in a glioma cell line model system

We recently reported that 3E10 inhibits HDR and 
does so through a physical interaction with RAD51, 
resulting in a functional RAD51 inhibition [23]. Based on 
prior work suggesting that PTEN loss causes a reduction 
in NHEJ, the other major cellular pathway of DNA DSB 
repair [18], we sought to test the effect of the 3E10 on 
PTEN deficient cells. To minimize the risk of non-
specific antibody-dependent cell-mediated cytotoxicity 
(ADCC) via the Fc region of 3E10, we focused on the 
single-chain variable fragment (scFv) rather than the full 
length antibody. Both the full-length 3E10 antibody and a 
scFv penetrate cells and show anti-RAD51 activity. The 
scFv construct we used contains the variable region of 
the heavy chain connected to the variable region of the 
light chain by a flexible linker, as schematized in Figure 
1a. along with two tandem repeats of the maltose binding 
protein tag (2XMBP) at the N-terminus [23]. The MBP 
tags serve to facilitate affinity purification as well as 
to enhance solubility and stability of the recombinant 
antibodies [29]. We tested two versions of the 3E10 scFv. 
In one, as a control, we introduced a premature stop codon 
(41 amino acids into the scFv) to form a truncated protein 
(Figure 1a). In the other, we used the wild-type sequence 
except for a previously described mutation that changes 
the aspartic acid at residue 31 in CDRI of the 3E10 heavy 
chain to asparagine (D31N) (Figure 1a). This has been 
shown to increase 3E10 scFv’s DNA binding and cellular 
penetration [30]. The scFv constructs were expressed and 
affinity purified from human 293 cells. 

Numerous studies have investigated the incidence of 
PTEN mutations in patient derived glioma tissues and cell 
lines and have shown that PTEN expression is often lost in 
these samples [9]. As a model system to explore synthetic 
lethality with 3E10 in PTEN deficient cells, we used the 
U251 glioma cell line and a PTEN complemented isogenic 
cell line (U251+PTEN.) In addition, immortalized human 
astrocytes served as a control cell line. The PTEN protein 
expression status was determined via Western blot (Figure 
1b). 

To confirm cellular uptake of the scFv proteins, we 
treated the U251, U251+PTEN and astrocyte cell lines 
with each of the purified scFv’s by simple addition to 
the culture medium, followed by immunofluorescence 
microscopy using an antibody specific to the MBP tag. The 
3E10 scFv purified protein was able to penetrate cells and 
localize primarily to the cytoplasm (Figure 1c). However, 
the truncated purified protein was unable to penetrate cells 
(Figure 1c), both consistent with our previously published 
work [23]. 
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Figure 1: 3E10 scFv confers synthetic lethality with PTEN deficiency in a glioma cell line. a. Schematic of the 3E10 
full length antibody as well as the derived scFv. The scFv consists of the heavy chain (VH) and light chain (VL) connected by a flexible 
linker (L). The scFv was cloned into a 2XMBP_phCMV1 expression vector. Expression constructs for each scFv are schematized. b. 
Western blot analysis of PTEN expression in U251 glioma cells, the PTEN complemented U251+PTEN cells and human astrocyte cells. 
c. Immunofluorescence analysis of cellular uptake of the purified scFv proteins in the U251, U251+PTEN and human astrocyte cells. d. 
Clonogenic survival results of U251, U251+PTEN or astrocyte cell lines treated with purified 3E10-scFv proteins. Error bars represent the 
SEM; ***P < 0.001 by unpaired t-test. e. U251, U251+PTEN or astrocyte cell lines were treated with either truncated scFv or 3E10 scFv 
at 1 μM or 2 μM for three days and then grown in fresh media for an additional four days. On day 3 and day 7, cells were stained with 
Hoescht dye and propidium iodide in order to quantify cell death over time. f. Cell death for each cell line under each treatment condition 
was plotted for each time point. Error bars represent the SEM; ****P < 0.0001 by unpaired t-test. g. Representative cell number for each 
cell line under each treatment condition was plotted for each time point. 
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Clonogenic survival assays were then performed 
with the D31N or the truncated scFv in all three cell lines. 
Cells were pretreated with the scFv proteins for 24 hours 
before reseeding at low density for colony formation. 
Treatment with the D31N 3E10 scFv significantly 
reduced cell survival of the PTEN-deficient U251 cell 
line by approximately 50% at 1 and 2 µM concentrations 
(Figure 1d). It had no effect on the survival of either the 
U251+PTEN cells or the PTEN wild-type astrocytes, both 
of which express the PTEN protein. To note, increasing 
the concentration of the 3E10 scFv protein did not confer 
further effect on the U251 cells (Supplementary Figure 
1a). As a control, treatment with the truncated scFv had no 
effect on survival of any of the cells (Figure 1d). 

To directly measure cytotoxicity after treatment 
with the purified scFv proteins, cells were stained with 
Hoechst and propidium iodide at 3 and 7 days in order 
to quantify cell death and cell proliferation over time. 
Cells were treated for three days with the purified scFv 
proteins and then allowed to recover in fresh media 
(Figure 1e). As with the clonogenic survival assays, 
treatment with the D31N 3E10 did not affect cell death 
of either the U251+PTEN cells or astrocytes compared to 
the truncated construct or the buffer control, as both these 
lines express PTEN protein. However, treatment with the 
D31N scFv resulted in increased cell death in the PTEN-
deficient U251 cell line at both time points, even days after 
replacement of media on day 3 with media not containing 
antibody (Figure 1f). We hypothesized that cell death was 
induced via apoptosis, and performed immunofluorescence 
staining to evaluate the presence of cleaved caspase-3 
(Supplementary Figure 1b). Treatment with the D31N 
3E10 did not induce apoptosis in the U251+PTEN cells, 
consistent with the PI staining assay results in Figure 
1e. However, three-day treatment with the D31N 3E10 
led to a 2.4-fold increase in apoptosis in U251 cells as 
compared to cells treated with the truncated control, with 
46% of cells treated with 3E10 showing cleaved caspase-3 
positive staining. 

The cell proliferation assay also showed a large 
differential effect on the U251 cells versus the PTEN 
proficient U251+PTEN and astrocyte cells. (Figure 1g 
and Supplementary Figure 1c and 1d). Over time, there 
was also a detectable reduction in proliferation caused by 
3E10 even in the PTEN proficient cells. This effect would 
be consistent with a general impact on RAD51 function in 
replication fork progression. Notably, U251 cells treated 
with the 3E10 scFv protein did not recover after the scFv 
was removed on day 3. 

Our previous work demonstrated that 3E10 scFv 
physically interacts with RAD51 both in vitro based on 
studies with purified proteins and in cells based on co-IPs. 
We found that this physical interaction in cells leads to a 
sequestering of RAD51 in the cytoplasm and an inhibition 
of RAD51 foci formation in the nucleus upon ionizing 
radiation [23]. We therefore hypothesized that the 3E10 

scFv protein’s ability to inhibit RAD51 localization at sites 
of DNA damage would increase cellular stress, ultimately 
resulting in the accumulation of DNA damage. Consistent 
with this, 1 day treatment with 3E10 scFv led to an 
increase in markers of DNA damage in U251 cells, both 
via ɣH2Ax foci (Supplementary Figure 2a and 2b) and 
p53BP1 foci (Supplementary Figure 2c and 2d). The 3E10 
scFv did not induce increases in ɣH2Ax or p53BP1 foci 
formation in either of the PTEN-proficient cell lines (the 
U251+PTEN or astrocytes). Treatment with the truncated 
scFv, did not induce DNA repair foci formation in any of 
the cell lines. 

Micronucleus formation is seen in cells with high 
basal levels of genomic instability due to genetic defects 
in DSB repair pathways [31-34], in irradiated cells 
[35], or in cells treated with chemical agents to induce 
replication stress [36]. Previous reports suggest that the 
PTEN-RAD51 signaling axis acts to mitigate replication 
stress and genomic instability [24]. PTEN deficient cells 
are known to have persistent baseline DNA damage 
and higher levels of micronuclei as compared to PTEN 
wild type cells [24, 37]. We therefore hypothesized that 
treatment with 3E10 in PTEN deficient cells would lead 
to a further increase in micronuclei as this signaling axis 
would be disrupted on both ends through the genetic loss 
of PTEN and the inhibition of RAD51 by 3E10. 

We interrogated the formation of micronuclei, 
indicative of persistent DNA damage through replication, 
in cells treated with 3E10 [38, 39]. To note, the PTEN-
deficient U251 cells had a higher baseline level of 
micronuclei as predicted by the literature [24, 37]. 
Three-day treatment with 3E10 scFv induced additional 
micronuclei formation in the U251 cells, while having no 
effect on the U251+PTEN or astrocyte cell lines (Figure 
2a). Treatment with the truncated scFv did not induce 
micronuclei formation in any of the cell lines. This data 
supports the idea that PTEN deficient cells that survive 
after treatment with 3E10 have enhanced replication 
stress resulting in micronuclei and are poised for mitotic 
catastrophe. 

3E10 is synergistic with an ATR inhibitor in 
PTEN deficient glioma cells

ATR signaling has been shown to play a key role 
in replication as ATR is activated upon replication fork 
stalling [40] and acts to protect stalled replication forks 
and suppress global origin firing [41]. ATR has been 
a promising target for cancer therapy as proliferating 
cancer cells often have higher levels of replication stress 
and absent G1 checkpoints, making cancer cells reliant 
on ATR signaling [40]. Inhibition of ATR in cancer cells 
has been shown to generate excessive ssDNA at stalled 
replication forks which exhausts cellular RPA and leads to 
mitotic catastrophe [41]. 
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Figure 2: 3E10 scFv induces persistent DNA damage which confers synergism with an ATR inhibitor. a. U251, 
U251+PTEN or astrocyte cells were treated with purified 2XMBP-scFv proteins for three days. The percent of cells with micronuclei was 
plotted for each treatment condition for each cell line. Each data point symbol represents the mean for each experimental replicate. Error 
bars represent the SEM; **P < 0.01 by unpaired t-test. b. Clonogenic survival assay results to determine the optimal dose range of the ATR 
inhibitor. Cells were seeded at low density into the ATR inhibitor. After 24 hours, the drug was removed and cells were allowed to grow in 
fresh media in order to assess colony formation. Error bars represent the SEM. c.-e. Clonogenic survival assays to interrogate synergism 
between 3E10 scFv and an ATR inhibitor. U251 cells (c), U251+PTEN cells (d) or astrocytes (e) were pretreated with the purified scFvs 
for 24 hours before reseeding at low density into the ATR inhibitor. After 24 hours, the drug was removed and cells were allowed to grow 
in fresh media in order to assess colony formation. Error bars represent the SEM; ****P < 0.0001, **P < 0.01, and *P < 0.05 by unpaired 
t-test. Synergism was assessed using the CompuSyn software. 
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We chose to inhibit ATR via a small molecule 
inhibitor (VE-822) and assess synergism with 3E10 scFv 
in PTEN deficient cells in an effort to induce mitotic 
catastrophe and thus enhance the cytotoxicity of 3E10 
in PTEN deficient cells. Clonogenic survival assays 
were first performed to interrogate the sensitivity of all 
three cell lines to the small molecule inhibitor of ATR. 
We found that PTEN expression of each cell line (Figure 
2b) was inversely correlated with sensitivity to the ATR 
inhibitor: U251 cells lacking PTEN expression had 
the highest sensitivity, while the PTEN complemented 
U251 cells were the least sensitive, and the immortalized 
astrocytes had an intermediate sensitivity to the ATR 
inhibitor. Parallel effects were seen in cell proliferation 
and cell death assays (Supplementary Figure 3a and 3b).

Clonogenic survival assays were then performed 
in cells treated with or without the ATR inhibitor in 
combination with D31N 3E10 scFv, the truncated scFv, 
or buffer control, at the indicated doses (Figure 2c and 
2d). Cells were pretreated with the scFv proteins or buffer 
alone for 24 hours before reseeding at low density in 

the presence of the ATR inhibitor. Cells were left in the 
ATR inhibitor at low density for 1 day before the media 
was replaced. Pre-treatment with the truncated scFv had 
no effect on any of the cell lines’ sensitivity to the ATR 
inhibitor. However, pre-treatment of the U251 cells with 
the 3E10 scFv synergized with the ATR inhibitor at all 
three doses. Pre-treatment of either the U251+PTEN or 
astrocyte cells with the 3E10 scFv had no effect on these 
cell lines’ sensitivities to the ATR inhibitor (Figures 2c and 
2d).

D31N 3E10 scFv is synthetic lethal with PTEN 
deficiency in patient derived melanoma cells

PTEN is frequently mutated or PTEN expression 
is lost in melanomas [2, 4, 5, 42]. We obtained patient 
derived, primary melanoma cell populations from the 
Specimen Resource Core of the Yale SPORE in Skin 
Cancer [18, 43-46]. Two high-PTEN expressing melanoma 
populations (YuGANK and YuGASP) were chosen in 

Figure 3: 3E10 scFv decreases cell viability in PTEN deficient melanoma cells. a. Summary of PTEN status of four melanoma 
cell populations from the Specimen Resource Core of the Yale SPORE in Skin Cancer. b. Western blot analysis of PTEN expression in 
the melanoma cells and normal primary human skin fibroblast cells. c. CellTiter-Glo luminescent cell viability assay results. Error bars 
represent the SEM; ***P < 0.001, **P < 0.01, and *P < 0.05 by unpaired t-test.
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comparison to two PTEN-null populations (YuROL 
and YuGEN8) for analysis (Figure 3a). Primary human 
skin fibroblasts were also used as a control. The PTEN 
protein expression status of these five cell populations was 
determined via Western blot (Figure 3b). The melanoma 
cell populations chosen for these studies do not adequately 
form colonies. Therefore, the CellTiter-Glo luminescent 
cell viability assay was performed in lieu of the clonogenic 
survival assay. Cells were treated for five days with 
the D31N scFv or the truncated scFv at increasing 
concentrations, and viability was assessed (Figure 3c). The 
D31N 3E10 scFv did not consistently have a statistically 
significant impact on the viability of the PTEN expressing 
cells (normal skin fibroblasts, YuGANK, or YuGASP) as 
compared to treatment with the truncated scFv. However, 
the purified 3E10 scFv protein significantly decreased cell 
viability in the PTEN deficient YuROL and YuGEN8 cells 
in a dose dependent manner. 

To directly measure cytotoxicity after treatment with 
the purified scFv proteins, cells were stained with Hoechst 
and propidium iodide at different time points in order to 
quantify cell death and cell proliferation over time, as 
done with the glioma and astrocyte cell lines. Cells were 
treated for three days with the scFv proteins and then 
allowed to recover in fresh media. Treatment with the 
scFvs did not affect cell death in the PTEN-proficient cells 
(normal primary skin fibroblasts, YuGANK, or YuGASP). 
However, three-day treatment with the D31N scFv protein 
increased cell death in the PTEN-deficient YuROL and 
YuGEN8 cells. Further, even after removal of D31N scFv, 
cell death continued to occur over time in the YuROL and 
YuGEN8 cells. Treatment with the truncated purified scFv 
protein, which is unable to penetrate cells, did not affect 
cell survival in any of the cell populations (Figure 4a). 
The D31N 3E10 scFv also substantially reduced to cell 
proliferation in the PTEN-deficient YuROL and YuGEN8 
cells, while having a slight effect on the YuGANK and 
YuGASP cells (Figure 4b and Supplementary Figure 4). 
Importantly, there was no effect on cell proliferation in the 
primary skin fibroblasts at either dose. 

3E10 is synergistic with an ATR inhibitor in 
PTEN deficient patient derived melanoma cells

Potential synergism between the ATR inhibitor 
(VE-822) and the non-truncated 3E10 scFv in the patient 
derived cells was also assessed. Cell proliferation and 
cell death assays were first performed to interrogate the 
sensitivity of the cells to the small molecule inhibitor 
of ATR. The cell proliferation of the PTEN-deficient 
YuROL and YuGEN8 cells was drastically affected, while 
minimal effect was observed in the PTEN-proficient cells 
(Supplementary Figure 5). Further, no increase in cell 
death was observed in any cell population, suggesting 
that the ATR inhibitor (VE-822) mainly impacts cell 

proliferation in these cells (Supplementary Figure 5). 
Cell viability assays were then performed with the 

scFvs. Cells were pretreated with the scFv proteins for 
24 hours before the addition of the ATR inhibitor. Pre-
treatment with the truncated scFv had no effect on any of 
the cells’ sensitivity to the ATR inhibitor (Supplementary 
Figure 6). Pre-treatment of the primary skin fibroblasts 
with the 3E10 scFv had also no effect on these cells 
sensitivities to the ATR inhibitor (Figure 4c). However, 
pre-treatment of the YuROL cells with the 3E10 scFv 
synergized with the ATR inhibitor at both doses (Figure 
4c). Although the 3E10 scFv sensitized the YuGEN8 cells 
to the ATR inhibitor (most notably at the 0.75µM dose 
of the 3E10 scFv), no synergism was observed. Because 
melanoma is characterized by a high mutational burden 
and a genetic landscape [47], further investigation is 
warranted to determine which genetic sub-type types of 
melanoma may benefit from a combination approach such 
as is described here. 

DISCUSSION

PTEN is the second most frequently mutated or 
inactivated tumor suppressor gene in human cancers, 
with PTEN alterations found in approximately 8% of 
all human cancers [48, 49] and in 15% of melanomas 
(TCGA), making novel therapeutic approaches to treat 
these cancers a priority. When PTEN is lost or its nuclear 
import impaired, genomic instability has been observed, 
providing an exploitable therapeutic window for PTEN-
null cancers, which has been the basis for clinical trials 
investigating the effect of PARP inhibitors in participants 
with mutations or deletions in PTEN leading to functional 
PTEN loss. 

Here, through cell-based assays, we found that 
3E10 affects cellular viability of PTEN deficient cells, 
indicating that inhibiting HDR with 3E10 leads to 
cytotoxicity in PTEN deficient cells. This cytotoxicity is 
likely due to the fact that PTEN deficient cells are both 
deficient in NEHJ [18] and have a significant baseline 
burden of DNA damage and replication stress that is 
exacerbated with treatment with 3E10, as indicated by the 
induction of ɣH2Ax and p53BP1 foci and the occurrence 
of micronuclei after treatment with 3E10 scFv. 

Further, the cellular and replicative stress induced 
by 3E10 in PTEN-deficient cells sensitizes these cells to a 
small molecule inhibitor of ATR. We have extended these 
findings to a clinically relevant model of patient derived 
primary melanoma cell populations. As such, these results 
may provide the basis for further pre-clinical development 
to devise targeted synthetic lethal strategies in PTEN 
deficient cancers, and to further aid in guiding the design 
of new personalized cancer therapies.
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Figure 4: 3E10 induces cell death and delays proliferation in PTEN deficient melanoma cells, and these effects confer 
synergism with an ATR inhibitor. a. Cell death for each cell population under each treatment condition was plotted for each time 
point. Error bars represent the SEM; ***P < 0.001, **P < 0.01 and *P < 0.05 by unpaired t-test. b. Cell number for each cell type under 
each treatment condition was plotted for each time point. Error bars represent the SEM. c. CellTiter-Glo luminescent cell viability assay 
results to interrogate synergism between 3E10 scFv and an ATR inhibitor. Cells were pretreated with the purified 3E10 scFv for 24 hours 
before the addition of the ATR inhibitor. Error bars represent the SEM; ****P < 0.0001 and *P < 0.05 by unpaired t-test. Synergism was 
assessed using the CompuSyn software. 
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MATERIALS AND METHODS

Cloning of 3E10 scFv and site directed 
mutagenesis

The single chain variable fragment of 3E10 was 
cloned into a phCMV1_2XMBP expression vector. 
Point mutations were introduced into regions of the scFv 
using the QuikChange Site-Directed Mutagenesis Kit 
(Stratagene). The plasmid was sequenced to ensure no 
undesired mutations were introduced. 

Purification of 2XMBP-scFvs

Purification of the 2XMBP-scFv proteins was 
performed as previously described [23]. Briefly, 2XMBP-
scFv expression constructs were transfected into 
suspension Expi293F Cells (Life Technologies, grown 
at 37°C and 5%CO2) with polyethylenimine (PEI linear, 
MW ~25,000 from Polysciences, Inc.). BalanCD CHO 
FEED 3 (Irvine Scientific) and Valproic acid sodium 
salt (Sigma-Aldrich, 3.8mM final concentration) were 
added each of the next two days to enhance expression. 
The cells were grown at for three days after transfection 
and then were harvested by centrifugation. The cell pellet 
was resuspended in lysis buffer (50mM HEPES pH 7.5, 
250mM NaCl, 1% NP-40, 1mM MgCl2, 1x Protease 
Inhibitor Cocktail (Roche complete, EDTA-free), 1mM 
DTT). The lysate was cleared by centrifugation at 10,000 
rpm for 15 minutes and then incubated with amylose 
resin (New England BioLabs, Inc.) overnight at 4°C. The 
lysate was spun down and the supernatant was removed. 
The amylose beads were washed three times with wash 
buffer (50mM HEPES pH 7.5, 250mM NaCl, 0.5mM 
EDTA, 1mM DTT). The bound protein was eluted from 
the amylose beads in wash buffer containing 10mM 
maltose. The eluate containing the 2XMBP-scFv was 
buffer exchanged into DMEM media.

Western blots for PTEN

Cells in culture were collected via trypsinization and 
pelleted via centrifugation. Cell pellets were lysed in AZ 
lysis buffer (50mM Tris pH 8, 250mM NaCl, 1% NP-40, 
0.1% SDS, 5mM EDTA, 10mM Na4P2O7, 10mM NaF, 1x 
cOmplete EDTA-free Protease Inhibitor Cocktail (Roche), 
1x PhosSTOP (Roche)). The protein concentration of 
each sample was determined using the DC™ (detergent 
compatible) protein assay (Bio-Rad Laboratories, Inc.). 
Protein concentrations were normalized and samples 
were prepared with 5x Laemmli sample buffer. Samples 
were run on a gradient gel (Bio-Rad) and transferred for 
Western blot on 0.45um Nitrocellulose membrane (Bio-

Rad). 
The primary antibodies used were mouse anti-

PTEN (sc7974, Santa Cruz Biotechnology), and mouse 
anti-Beta Actin (Cell Signaling Technology #4970). 
Primary antibodies were used at 1:1000 dilutions and 
were incubated for 1 to 2 hours at room temperature or 
overnight at 4°C. Secondary goat anti-mouse antibody 
(Thermo Fisher Scientific/Pierce) or were used at a 
1:10,000 dilution for 1 hour at room temperature. Primary 
and secondary antibodies were prepared in 5% milk. Three 
washes with Tris Buffered Saline with Tween 20 were each 
performed after primary incubation and after secondary 
incubation. Membranes were developed using SuperSignal 
West Pico Chemiluminescent Substrate (Thermo Fisher 
Scientific).

Immunofluorescence - cell penetration of purified 
2XMBP-scFv

U251, U251+PTEN or Astrocyte cells were treated 
with purified 2XMBP-scFv proteins for 24 hours in 
chamber well slides (Millipore Millicell EZ Slides). Cells 
were fixed with 1% paraformaldehyde/2% sucrose for 15 
minutes at room temperature, followed by 100% methanol 
for 30 minutes at -20°C, and 50% methanol/50% acetone 
for 20 minutes at -20°C. Slides were then incubated in 
permeabilization/blocking solution (10% BGS, 0.5% 
Triton X-100 in phosphate-buffered saline (PBS)) at 
room temperature for 1 h. Primary antibody (mouse anti-
MBP monoclonal antibody, New England BioLabs, Inc. 
#E8032S) was diluted 1:500 in permeabilization/blocking 
solution and used to stain cells at 4°C overnight. The 
secondary antibody used was Alexa Fluor 594-conjugated 
goat anti-mouse immunoglobulin G (IgG) (Life 
Technologies). Three washes with PBS with Triton X-100 
and four washes with PBS were each performed after 
primary incubation and after secondary incubation. Cells 
were costained with DAPI to visualize the nuclei. Slides 
were imaged on a Zeiss-CARV II confocal microscope. 

Clonogenic survival assays

U251, U251+PTEN or Astrocyte cells seeded into 
6 well plates at 30,000 cells/well and were pretreated 
with purified 2XMBP-scFv proteins for 24 hours. The 
following day, the cells were reseeded in triplicate into 
6 well plates at low density (500 cells/well for U251 and 
U251+PTEN cells and 1,000 cells/well for Astrocytes) 
into fresh media or a small molecule inhibitor of ATR 
(VE-822, Selleckchem #S7102) for 24 hours before the 
media containing the ATR inhibitor was replaced with 
fresh media. Cells were cultured for 1 to 2 weeks until 
colonies had formed. Cells on the 6 well plates were 
permeabilized with 0.9% saline solution and then stained 
with crystal violet in 80% methanol. Colonies of  ≥ 50 
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cells were then quantified.
Synergism was calculated using the CompuSyn 

software (ComboSyn, Inc.).

Propidium iodide staining assays for cell 
proliferation and cell death quantifications

Cells were seeded into 96 well plates at 500 cells/
well and were treated with purified 2XMBP-scFv proteins 
for 72 hours. The media containing purified 2XMBP-scFv 
proteins was removed and replaced with media containing 
PI/RNase staining buffer (BD Biosciences) and Hoechst 
dye (Thermo Fisher). The plates were imaged and the 
nuclei were quantified using a Cytation3 Cell Imaging 
Multi-Mode Reader (BioTek). The media was then 
replaced with fresh media and cells were cultured for 
another 96 hours. Media was then replaced with media 
containing PI/RNase staining buffer (BD Biosciences) and 
Hoechst dye (Thermo Fisher). The plates were imaged 
again and the nuclei were quantified using a Cytation3 
Cell Imaging Multi-Mode Reader (BioTek). Total cell 
number was quantified based on Hoechst staining. Percent 
cell death was quantified from the PI positive cell number 
divided by total cell number. Experiments were performed 
at least three times for biological replicates. Statistical 
significance was determined using the unpaired t test 
(GraphPad Prism).

Micronuclei quantifications

U251, U251+PTEN or Astrocyte cells were treated 
with purified 2XMBP-scFv proteins for three days. Nuclei 
were stained with Hoechst dye (Thermo Fisher) and the 
cells were imaged using an EVOSfl Digital Inverted 
Microscope (Fisher Scientific). Images were visualized 
and quantified using ImageJ. 

Experiments were performed at least three times 
for biological replicates. Statistical significance was 
determined using the unpaired t test (GraphPad Prism).

Immunofluorescence - DNA repair foci 
quantifications or cleaved caspase 3

U251, U251+PTEN or Astrocyte cells were treated 
with purified 2XMBP-scFv proteins for 24 hours in 
chamber well slides (Millipore Millicell EZ Slides). Cells 
were fixed as above and incubated in permeabilization/
blocking solution (as above) at room temperature for 1 h. 
Primary antibodies were diluted 1:500 in permeabilization/
blocking solution and used to stain cells at 4°C overnight. 
The primary antibodies used were rabbit anti-p-Histone 
H2A.X Serine 139 (Cell Signalling Technologies #9718), 
rabbit anti-p-53BP1 Serine 1778 (Cell Signalling 
Technologies #2675), and rabbit anti-cleaved caspase-3 

(Cell Signalling Technologies #9661). The secondary 
antibody used was Alexa Fluor 488-conjugated goat anti-
rabbit immunoglobulin G (IgG) (Life Technologies). 
Three washes with PBS with Triton X-100 and four 
washes with PBS were each performed after primary 
incubation and after secondary incubation. Cells were 
co-stained with DAPI to visualize the nuclei. Slides were 
imaged on a Zeiss-CARV II confocal microscope. Images 
were visualized and quantified using ImageJ. Statistical 
significance was determined using the unpaired t test 
(GraphPad Prism). 

Cell viability assay

Cells were seeded at 500 cells per well in a 96 
well plate and then treated with purified 2XMBP-scFv 
proteins, a small molecule inhibitor of ATR (VE-822, 
Selleckchem #S7102), or both the purified 2XMBP-scFvs 
and ATR inhibitor. For the combination of the purified 
2XMBP-scFvs and ATR inhibitor, cells were pre-treated 
with the purified 2XMBP-scFvs for 24 hours and then the 
ATR inhibitor was added. Cells were treated for five days 
before cell viability was assessed via the CellTiter-Glo 
Luminescent Cell Viability Assay (Promega) according 
to the manufacturer’s instructions. Experiments were 
performed at least two times for biological replicates. 
Statistical significance was determined using the unpaired 
t test (GraphPad Prism). Synergism was calculated using 
the CompuSyn software (ComboSyn, Inc.).

Author contributions

A.T., Y.L. and P.M.G. designed the experiments. 
A.T., Y.L., W.Z. and I.C. performed the experiments. A.T., 
Y.L., W.Z., I.C. and P.M.G. analyzed and interpreted the 
data. A.T. and P.M.G. contributed to the preparation of the 
figures and wrote the manuscript.

CONFLICTS OF INTEREST

P.M.G. is an inventor on a patent application filed 
by Yale University covering the use of the 3E10 antibody 
for cancer therapy and has equity in Patrys, Ltd that is 
developing 3E10 for clinical use.

FUNDING

This work was supported by the National Institutes 
of Health [R35CA197574 and R01ES005775 to P.M.G], 
the National Institutes of Health Training Grants 
[GM007324 and T32 HD007149 to Yale University 
for A.T.], and the Specimen Resource Core of the Yale 
SPORE in Skin Cancer (P50CA121974 to Ruth Halaban).



Oncotarget1282www.oncotarget.com

REFERENCES

1. Hopkins BD, Parsons RE. Molecular pathways: intercellular 
PTEN and the potential of PTEN restoration therapy. Clin 
Cancer Res. 2014; 20:5379-5383.

2. Teng DH, Hu R, Lin H, Davis T, Iliev D, Frye C, Swedlund 
B, Hansen KL, Vinson VL, Gumpper KL, Ellis L, El-
Naggar A, Frazier M, et al. MMAC1/PTEN mutations in 
primary tumor specimens and tumor cell lines. Cancer Res. 
1997; 57:5221-5225.

3. Wang SI, Puc J, Li J, Bruce JN, Cairns P, Sidransky D, 
Parsons R. Somatic mutations of PTEN in glioblastoma 
multiforme. Cancer Res. 1997; 57:4183-4186.

4. Wu H, Goel V, Haluska FG. PTEN signaling pathways in 
melanoma. Oncogene. 2003; 22:3113-3122.

5. Stahl JM, Cheung M, Sharma A, Trivedi NR, Shanmugam 
S, Robertson GP. Loss of PTEN promotes tumor 
development in malignant melanoma. Cancer Res. 2003; 
63:2881-2890.

6. Robinson D, Van Allen EM, Wu YM, Schultz N, Lonigro 
RJ, Mosquera JM, Montgomery B, Taplin ME, Pritchard 
CC, Attard G, Beltran H, Abida W, Bradley RK, et al. 
Integrative clinical genomics of advanced prostate cancer. 
Cell. 2015; 161:1215-1228.

7. Wang SI, Parsons R, Ittmann M. Homozygous deletion of 
the PTEN tumor suppressor gene in a subset of prostate 
adenocarcinomas. Clin Cancer Res. 1998; 4:811-815.

8. Wozniak DJ, Kajdacsy-Balla A, Macias V, Ball-Kell 
S, Zenner ML, Bie W, Tyner AL. PTEN is a protein 
phosphatase that targets active PTK6 and inhibits PTK6 
oncogenic signaling in prostate cancer. Nat Commun. 2017; 
8:1508.

9. Rasheed BK, Stenzel TT, McLendon RE, Parsons R, 
Friedman AH, Friedman HS, Bigner DD, Bigner SH. PTEN 
gene mutations are seen in high-grade but not in low-grade 
gliomas. Cancer Res. 1997; 57:4187-4190.

10. Logothetis CJ, Gallick GE, Maity SN, Kim J, Aparicio A, 
Efstathiou E, Lin SH. Molecular classification of prostate 
cancer progression: foundation for marker-driven treatment 
of prostate cancer. Cancer Discov. 2013; 3:849-861.

11. Planchon SM, Waite KA, Eng C. The nuclear affairs of 
PTEN. J Cell Sci. 2008; 121:249-253.

12. Yin Y, Shen WH. PTEN: a new guardian of the genome. 
Oncogene. 2008; 27:5443-5453.

13. Shen WH, Balajee AS, Wang J, Wu H, Eng C, Pandolfi 
PP, Yin Y. Essential role for nuclear PTEN in maintaining 
chromosomal integrity. Cell. 2007; 128:157-170.

14. Bassi C, Ho J, Srikumar T, Dowling RJ, Gorrini C, Miller 
SJ, Mak TW, Neel BG, Raught B, Stambolic V. Nuclear 
PTEN controls DNA repair and sensitivity to genotoxic 
stress. Science. 2013; 341:395-399.

15. Liu P, Gan W, Guo C, Xie A, Gao D, Guo J, Zhang J, 
Willis N, Su A, Asara JM, Scully R, Wei W. Akt-mediated 
phosphorylation of XLF impairs non-homologous end-

joining DNA repair. Mol Cell. 2015; 57:648-661.
16. Mansour WY, Tennstedt P, Volquardsen J, Oing C, Kluth 

M, Hube-Magg C, Borgmann K, Simon R, Petersen C, 
Dikomey E, Rothkamm K. Loss of PTEN-assisted G2/M 
checkpoint impedes homologous recombination repair and 
enhances radio-curability and PARP inhibitor treatment 
response in prostate cancer. Sci Rep. 2018; 8.

17. McEllin B, Camacho CV, Mukherjee B, Hahm B, 
Tomimatsu N, Bachoo RM, Burma S. PTEN loss 
compromises homologous recombination repair in 
astrocytes: implications for glioblastoma therapy with 
temozolomide or poly(ADP-ribose) polymerase inhibitors. 
Cancer Res. 2010; 70:5457-5464.

18. Sulkowski PL, Scanlon SE, Oeck S, Glazer PM. PTEN 
Regulates Nonhomologous End Joining By Epigenetic 
Induction of NHEJ1/XLF. Mol Cancer Res. 2018; 16:1241-
1254.

19. Bryant HE, Schultz N, Thomas HD, Parker KM, Flower D, 
Lopez E, Kyle S, Meuth M, Curtin NJ, Helleday T. Specific 
killing of BRCA2-deficient tumours with inhibitors of 
poly(ADP-ribose) polymerase. Nature. 2005; 434:913-917.

20. Farmer H, McCabe N, Lord CJ, Tutt AN, Johnson DA, 
Richardson TB, Santarosa M, Dillon KJ, Hickson I, 
Knights C, Martin NM, Jackson SP, Smith GC, Ashworth 
A. Targeting the DNA repair defect in BRCA mutant cells 
as a therapeutic strategy. Nature. 2005; 434:917-921.

21. Klein TJ, Glazer PM. The tumor microenvironment and 
DNA repair. Semin Radiat Oncol. 2010; 20:282-287.

22. Wilkerson PM, Dedes KJ, Samartzis EP, Dedes I, Lambros 
MB, Natrajan R, Gauthier A, Piscuoglio S, Topfer C, 
Vukovic V, Daley F, Weigelt B, Reis-Filho JS. Preclinical 
evaluation of the PARP inhibitor BMN-673 for the 
treatment of ovarian clear cell cancer. Oncotarget. 2017; 
8:6057-6066. https://doi.org/10.18632/oncotarget.14011

23. Turchick A, Hegan DC, Jensen RB, Glazer PM. A cell-
penetrating antibody inhibits human RAD51 via direct 
binding. Nucleic Acids Res. 2017; 45:11782-11799.

24. He J, Kang X, Yin Y, Chao KS, Shen WH. PTEN regulates 
DNA replication progression and stalled fork recovery. Nat 
Commun. 2015; 6:7620.

25. Petermann E, Orta ML, Issaeva N, Schultz N, Helleday T. 
Hydroxyurea-stalled replication forks become progressively 
inactivated and require two different RAD51-mediated 
pathways for restart and repair. Mol Cell. 2010; 37:492-502.

26. Marechal A, Zou L. DNA damage sensing by the ATM and 
ATR kinases. Cold Spring Harb Perspect Biol. 2013; 5.

27. Casper AM, Nghiem P, Arlt MF, Glover TW. ATR 
regulates fragile site stability. Cell. 2002; 111:779-789.

28. Al-Subhi N, Ali R, Abdel-Fatah T, Moseley PM, Chan SYT, 
Green AR, Ellis IO, Rakha EA, Madhusudan S. Targeting 
ataxia telangiectasia-mutated- and Rad3-related kinase 
(ATR) in PTEN-deficient breast cancers for personalized 
therapy. Breast Cancer Res Treat. 2018; 169:277-286.

29. Jensen R. Purification of recombinant 2XMBP tagged 

https://doi.org/10.18632/oncotarget.14011


Oncotarget1283www.oncotarget.com

human proteins from human cells. Methods Mol Biol. 2014; 
1176:209-217.

30. Zack DJ, Yamamoto K, Wong AL, Stempniak M, French 
C, Weisbart RH. DNA mimics a self-protein that may be 
a target for some anti-DNA antibodies in systemic lupus 
erythematosus. J Immunol. 1995; 154:1987-1994.

31. Murphy AK, Fitzgerald M, Ro T, Kim JH, Rabinowitsch 
AI, Chowdhury D, Schildkraut CL, Borowiec JA. 
Phosphorylated RPA recruits PALB2 to stalled DNA 
replication forks to facilitate fork recovery. J Cell Biol. 
2014; 206:493-507.

32. Trego KS, Groesser T, Davalos AR, Parplys AC, Zhao 
W, Nelson MR, Hlaing A, Shih B, Rydberg B, Pluth JM, 
Tsai MS, Hoeijmakers JHJ, Sung P, et al. Non-catalytic 
Roles for XPG with BRCA1 and BRCA2 in Homologous 
Recombination and Genome Stability. Mol Cell. 2016; 
61:535-546.

33. Schwab RA, Nieminuszczy J, Shah F, Langton J, Lopez 
Martinez D, Liang CC, Cohn MA, Gibbons RJ, Deans AJ, 
Niedzwiedz W. The Fanconi Anemia Pathway Maintains 
Genome Stability by Coordinating Replication and 
Transcription. Mol Cell. 2015; 60:351-361.

34. Ban S, Shinohara T, Hirai Y, Moritaku Y, Cologne JB, 
MacPhee DG. Chromosomal instability in BRCA1- 
or BRCA2-defective human cancer cells detected by 
spontaneous micronucleus assay. Mutat Res. 2001; 474:15-
23.

35. Medvedeva NG, Panyutin IV, Panyutin IG, Neumann RD. 
Phosphorylation of histone H2AX in radiation-induced 
micronuclei. Radiat Res. 2007; 168:493-498.

36. Xu B, Sun Z, Liu Z, Guo H, Liu Q, Jiang H, Zou Y, Gong 
Y, Tischfield JA, Shao C. Replication stress induces 
micronuclei comprising of aggregated DNA double-strand 
breaks. PLoS One. 2011; 6:e18618.

37. Gupta A, Yang Q, Pandita RK, Hunt CR, Xiang T, Misri 
S, Zeng S, Pagan J, Jeffery J, Puc J, Kumar R, Feng Z, 
Powell SN, et al. Cell cycle checkpoint defects contribute 
to genomic instability in PTEN deficient cells independent 
of DNA DSB repair. Cell Cycle. 2009; 8:2198-2210.

38. Fenech M, Kirsch-Volders M, Natarajan AT, Surralles 
J, Crott JW, Parry J, Norppa H, Eastmond DA, Tucker 
JD, Thomas P. Molecular mechanisms of micronucleus, 
nucleoplasmic bridge and nuclear bud formation in 
mammalian and human cells. Mutagenesis. 2011; 26:125-
132.

39. Terradas M, Martin M, Hernandez L, Tusell L, Genesca A. 
Is DNA damage response ready for action anywhere? Int J 
Mol Sci. 2012; 13:11569-11583.

40. Couch FB, Bansbach CE, Driscoll R, Luzwick JW, Glick 
GG, Betous R, Carroll CM, Jung SY, Qin J, Cimprich KA, 
Cortez D. ATR phosphorylates SMARCAL1 to prevent 
replication fork collapse. Genes Dev. 2013; 27:1610-1623.

41. Toledo LI, Altmeyer M, Rask MB, Lukas C, Larsen DH, 
Povlsen LK, Bekker-Jensen S, Mailand N, Bartek J, Lukas 
J. ATR prohibits replication catastrophe by preventing 
global exhaustion of RPA. Cell. 2013; 155:1088-1103.

42. Dillon LM, Miller TW. Therapeutic targeting of cancers 
with loss of PTEN function. Curr Drug Targets. 2014; 
15:65-79.

43. Shahbazian D, Bindra RS, Kluger HM, Glazer PM. 
Radiation sensitivity and sensitization in melanoma. 
Pigment Cell Melanoma Res. 2013; 26:928-930.

44. Parisi F, Micsinai M, Strino F, Ariyan S, Narayan D, 
Bacchiocchi A, Cheng E, Xu F, Li P, Kluger H, Halaban R, 
Kluger Y. Integrated analysis of tumor samples sheds light 
on tumor heterogeneity. Yale J Biol Med. 2012; 85:347-
361.

45. Krauthammer M, Kong Y, Ha BH, Evans P, Bacchiocchi A, 
McCusker JP, Cheng E, Davis MJ, Goh G, Choi M, Ariyan 
S, Narayan D, Dutton-Regester K, et al. Exome sequencing 
identifies recurrent somatic RAC1 mutations in melanoma. 
Nat Genet. 2012; 44:1006-1014.

46. Krauthammer M, Kong Y, Bacchiocchi A, Evans P, 
Pornputtapong N, Wu C, McCusker JP, Ma S, Cheng E, 
Straub R, Serin M, Bosenberg M, Ariyan S, et al. Exome 
sequencing identifies recurrent mutations in NF1 and 
RASopathy genes in sun-exposed melanomas. Nat Genet. 
2015; 47:996-1002.

47. Davar D, Lin Y, Kirkwood JM. Unfolding the mutational 
landscape of human melanoma. J Invest Dermatol. 2015; 
135:659-662.

48. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy 
BA, Jacobsen A, Byrne CJ, Heuer ML, Larsson E, Antipin 
Y, Reva B, Goldberg AP, et al. The cBio cancer genomics 
portal: an open platform for exploring multidimensional 
cancer genomics data. Cancer Discov. 2012; 2:401-404.

49. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, 
Sumer SO, Sun Y, Jacobsen A, Sinha R, Larsson E, Cerami 
E, Sander C, Schultz N. Integrative analysis of complex 
cancer genomics and clinical profiles using the cBioPortal. 
Sci Signal. 2013; 6:pl1.


