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INTRODUCTION:
Prostate Cancer (PC) is a commonly diagnosed cancer with 233,000 new cases each year and a
second leading cause of cancer related deaths among American men [1]. While early stage organ
confined PCs may be curative with surgery or radiotherapy, advanced prostate cancers are linked to
poor prognosis [1, 2]. Advanced disease is treated either with Androgen Deprivation Therapy
(ADT)- surgical or chemical castration with anti-androgens and/or radiotherapy [2, 3]. The
molecular mechanisms by which PC cells evade treatment appear to be varied with the cells
activating alternative survival pathways in response to specific treatment/s and thus present a
formidable challenge for PC therapy [2, 4-8]. Cancers are presumed to be driven by cancer stemlike cells (CSC), or tumor-initiating cells, which often constitute <0.1 % fraction of a total cancer
cell population [9, 10]. CSCs in many solid tumors, including cancers of the prostate, have been
identified using the cell surface adhesion molecule CD44+ve PSAlo, either individually or in
combination with other cell surface markers such as CD133, integrin α2β1, and ALDH1A1 [9, 11]..
Prostate Cancer Stem Cell-like population (PCSCs) with enhanced self-renewal, clonogenic, tumorinitiating and metastatic capacities are enriched for CD44+ve PSAlo expression [12] [9, 13-16].
Central to all cycling cells-including prostate cancer stem cells- is the expression of WEE1 tyrosine
kinase. This evolutionarily conserved tyrosine kinase monitors both DNA and histone synthesis
during each cell cycle to ensure proper duplication of chromatin [17]. Interference of these two
events results in genome instability and mitotic catastrophe. A potent and highly selective cell cycle
and WEE1 selective inhibitor that is currently in Phase I clinical trials in solid tumors is MK1775
(AZD1775).
PTEN (phosphatase and tensin homolog) is deleted at the 10q23.3 locus in ~40% of human prostate
cancers and is associated with aggressive metastatic disease with poor prognosis and androgenindependence. Some prostate cancer cell lines, such as LNCAP which harbor PTEN deletion,
display hypersensitivity to the WEE1 inhibitor MK1775 and undergo cell death, while the same
inhibitor induces differentiation like phenotype i.e. permanent arrest of another prostate cancer
derived cell line, LAPC4 that harbor wild type PTEN. Our hypothesis is that PTEN deletion results
in hyper-proliferation phenotype in part due to constitutive activation of the survival kinase AKT.
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Because of this, PTEN null cycling cells may be exquisitely sensitive to WEE1 inhibitors. Thus,
prostate cancer patients who harbor PTEN deletions are more likely to respond to WEE1 inhibitors.
Hypothesis: Our hypothesis is that proliferating prostate cancer cells and the pluripotent prostate
cancer stem cells require WEE1 to ensure proper chromatin duplication. Targeting these cells with
WEE1 inhibitors will induce mitotic catastrophe, with limited toxicity to differentiated cells.
KEYWORDS: Prostate cancer, PTEN tumor suppressor, WEE1 tyrosine kinase, MK1775, Cell
cycle
ACCOMPLISHMENTS:
What were the major goals of the project?
Aim 1. Examine WEE1 and AKT signaling in isogenic PTEN-deficient and proficient prostate
cancer cells and prostate cancer derived stem cell population.
Aim 2. Interrogate whether PTEN depleted prostate cancer stem cells display enhanced sensitivity
to WEE1 inhibitors.
Aim 3. Investigate the cytotoxicity of WEE1 inhibitors against recalcitrant xenograft tumors
formed by PTEN- PSAlo PCSCs in castrated male immunocompromised mice.
What was accomplished under these goals?
Aim 1. Examine WEE1 and AKT signaling in isogenic PTEN-deficient and proficient prostate
cancer cells and prostate cancer derived stem cell populations.
a. Generation of isogenic PTEN deficient and proficient human prostate cancer cell lines
A major aspect of this proposal was to generate the isogenic human prostate cancer cell lines. After
two unsuccessful attempts with shRNA methodology, we were finally able to generate the PTEN
deficient LAPC4 cell lines using the CRISPR/Cas9 based technology as described below.
Similarly, we found that LNCaP cells restored with the PTEN grew poorly. However, we were
successful in generating a PTEN expressing LNCaP-C42B cell line, a metatstatic derivative of
LNCaP.
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We generated the isogenic WT and PTEN knockout LAPC4 cell lines using CRISPR/Cas9 gene
editing technology. LAPC4 cell lines were co-transfected with the CRISPR/Cas9 and PTEN HDR
plasmids. The PTEN HDR plasmid provides a specific DNA repair template.

This template

contains two 800 base pair homology arms corresponding to distant regions of the PTEN genomic
DNA, that are designed to recombine with the genomic DNA after double strand breaks are created
by the CRISPR/Cas9 DNA endonuclease. In addition, the plasmid includes the Purmoycin
resistance gene for selection and Red fluorescent protein (RFP) to visualize transfection. Following
DNA repair and recovery of the cells after Cas9-induced DSBs, puromycin was added to select for
positive transfectants (Figure 1 A). 8 Stable individual PTEN edited clones referred to as LAPC4
PTENKO clones 1 to 8 were selected after isolation by flow cytometry followed by serial dilution
(Figure 1 B-D).

Knockdown of PTEN expression in the 8 clones was confirmed by

immunoblotting with PTEN specific antibodies (Figure 1 D).

A

clone 3

C

B

LAPC4

D
Stable PTEN Knockdown clones
1

2

3

4

5

6

7

8
PTEN

Actin

Figure 1: Generation of isogenic PTEN or PTEN KO LAPC4 cell lines. A. Stable PTEN knockdown
(PTEN KO) clones are RFP positive as observed by fluorescence microscopy. B and C. Individual clones
were isolated using flow cytometry based sorting and expanded. D. Knockdown of PTEN expression in 8
clones was confirmed by immunoblotting with PTEN specific antibodies. Actin was used as a loading
control.
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b. Generate isogenic LNCaP cell lines in which PTEN function has been restored
Next, we generated LNCAP and LNCAP PTEN plus and LNCaP-C42B and LNCaP-C42B PTEN
cell lines. LNCAP and its metastatic derivative C4-2B harbor PTEN deletion. PTEN is a negative
regulator of AKT signaling and thus LNCAP cells display deregulated activation of AKT as seen in
the increased serine 473 phosphorylation. LNCaP PTEN proficient clones grew very slowly and
formed very small colonies. In contrast, reintroduction of PTEN into the LNCAP C42B cell line
which is a metastatic derivative of LNCaP was able to overcome the powerful effect of PTEN
functional restoration and cells were able to grow and divide. Reintroduction of PTEN suppressed
AKT serine 473 phosphorylation in the C42B background (Figure 2A). In contrast, deletion of
PTEN leads to hyper-phosphorylation of AKTser473 in the LaPC4 background (Figure 2B).
Cdc2/Cdk1 is a substrate of WEE1 kinase.

Higher levels of Cdc2Y15 phosphorylation was

observed in C42B-PTEN expressing cells compared to C42B that is abrogated in both cases
following treatment with 5uM of
MK1775.

Phosphorylation

of

C4-2B
C4-2B PTEN
- + - + MK-1775

Cdc2Y15 in the absence of exogenous

LAPC4
LAPC4 PTEN ko
- +
- + MK-1775
pAKT S473

Cdc2 pY15

DNA damage is generally indicative

Cdc2 pY15

of cells undergoing replication stress
pAKT S473

response during S phase. As a
consequence cells are known to

AKT

activate WEE1 signaling mediated
PTEN
FLAG PTEN

G2/M checkpoint to allow for repair
of replication stress induced DNA
damage before entry into mitosis.

Figure 2: WEE1 and AKT signaling in isogenic PTEN-deficient and proficient prostate cancer cells.
A. C42B cell lines stably expressing PTEN and the parental C42B (B) The LAPC4 WT and the LAPC4
PTEN deficient cell lines were treated or untreated with the WEE1 selective small molecule inhibitor
MK1775 (5uM) for 16 hours.
Whole cell extracts were prepared and analyzed by immunoblotting.
Cdc2Y15 phosphorylation is indicative of WEE1 activity in these cell lines that is abrogated following
treatment with the WEE1 inhibitor MK1775. Reintroduction of PTEN suppressed AKT serine 473
phosphorylation in the C42B background. Deletion of PTEN leads to hyper activation of AKT in the
LAPC4 background with no apparent effect on WEE1 signaling.
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c. Isolation of CD44+ve PSAlo positive prostate cancer stem-like cells
+

We enriched CD44+ve PSAlo population from androgen dependent LNCaP, castration resistant
C4-2B and androgen dependent LAPC4 cells by FACS sorting. Representative sorts are shown
below (Figure 3 and table 1). The CD44+ve PSAlo population in LNCaP and LaPC4 were less
than 0.5-1% of total population.These cells expressed very low levels of PSA (Table 1) In contrast,
3-5% of C4-2B cells were CD44+ve PSAlo positive. These CD44+ve PSAlo positive cells showed
similar patterns of AKT S473 phosphorylation as bulk population that was dependent on PTEN
expression.

Figure 3. Isolation of PCSCs.
CD44+ve LAPC4, LAPC4 PTEN
KO (KO3), LNCaP and C42B
cells were isolated by sorting
cells following staining with the
CD44-PE antibodies. About 5005000 cells could be sorted from 5
million cells.

Advanced prostate cancers are treated with chemotherapy and/or radiotherapy. To test the efficacy
of WEE1 inhibitors against the refractory PCSC-like cells, we treated CD44+ve PSAlo enriched
LNCaP cells with 5uM of inhibitors, MK1775 (WEE1 selective), KU55393 (ATM-selective) or
Olapirib (PARP-selective) for 24 hours and irradiated them at 4Gy and cell viability was assessed
5

(Figure 4). CD44+ve PSAlo PCSCs LNCaP cells are exquisitely sensitive to WEE1 inhibitors
(5uM) even in the absence of DNA damage. In contrast, these cells showed a refractory population
with ATM and PARP inhibitors at the same inhibitor
concentrations

Table 1

PSA/Actin mRNA
expression

LNCaP CD44+, IR

LNCaP

120

3.7 x10-5

CD44+ve

Percent of Control

100

LNCaP

-IR
+IR

0.76

80

60

40

20

0

DMSO

MK-1775

KU55393

Olapirib

Figure 4: CD44PCSCs display
exquisite sensitivity to WEE1
inhibitors.
LNCaP
derived
CD44+ve PCSCs were treated with
various inhibitors in the presence
and absence of IR (4GY) and cell
viability was determined by
Trypan blue assay.

Western blot analysis revealed regulated activation of AKT in CD44+ve PSAlo PTEN positive cells
C42B cells compared to uncontrolled activation in the isogenic C42B background.

0 15 30 60 120

0 15 30 60 120 Mins 6G Y IR
pAKT S473

C4-2B

C4-2B PTEN

Figure 5: AKT activation is tightly regulated upon PTEN restoration. CD44 positive C42B or
C42B-PTEN were treated with 5 GY IR and harvested at various time points post-irradiation. AKT is
constitutively phosphorylated at serine 473 in C42B cells and increases marginally upon DNA damage.
In contrast, a time dependent increase in AKT phosphorylation was observed in C42B-PTEN PC cell
line.

Aim 2. Interrogate whether PTEN depleted prostate cancer stem cells display enhanced
sensitivity to WEE1 inhibitors
a. Viability of isogenic pairs of PCSC cells upon treatment with the WEE1 inhibitor MK1775
6

Isogenic pairs of PTEN proficient and deficient PCSCs and bulk C4-2B populations were treated
with MK1775 at various concentrations for 96 hrs and cell viability was determined using cell titre
Glo assay.
100

LAPC4-CD44
LAPC4-CD44=PTEN KO
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CD44-C42B
CD44-PTEN
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CD44-C42B
IC50 0.9695

0.0

CD44-PTEN
0.9481

LAPC4-CD44
LAPC4-CD44=PTEN KO

IC50
0.7484
1.606

Figure 6: Dose response curves of CD44 positive PTEN WT and deficient PCSCs to WEE1 inhibitors.
Isogenic pairs of PTEN proficient and deficient CD44 PCSCs and bulk C42B populations or LAPC4
parental and PTEN KO were treated with MK1775 for 96 hrs and cell viability was determined using cell
titre glo assay (n = 8 replicates).

While the CD44+ve PSAlo positive cells C4-2B or C4-2B-PTEN displayed similar half maximal
inhibitory concentration IC50s to the WEE1 inhibitor at higher concentrations, at lower
concentrations the CD44+ve PSAlo C4-2B showed resistance to MK1775 compared to CD44+ve
PSAlo-PTEN proficient cells. In contrast, the difference is more profound in LAPC4 derived
PCSCs which showed that LAPC4PTEN KO CD44+ve PSAlo were ~2 fold more resistant to
MK1775 compared to parental LAPC4 CD44+ve PSAlo. Thus hyper activation of AKT is
conferring a survival benefit to these cells. Whether this resistance is due to differential activation
of checkpoint pathways in these two different genetic backgrounds of PC cells, remains to be
addressed.

b. Assess the effect of WEE1 inhibition under condition of radiation induced DNA damage
upon PTEN restoration in prostate cancer
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To further understand the contribution of WEE1 to prostate cancer cell survival, paired PTEN
proficient and deficient C42B were treated with MK1775 and irradiated. Loss of PTEN tumor
suppressor protected C4-2B from irradiation induced toxicity. In contrast, the PTEN proficient C42B were hypersensitized to WEE1 inhibitor following radiation induced DNA damage (Table 1).

.

Table 2: Isogenic PC cell lines -IR (IC50) + +IR (5GY) (IC50)
MK1775

+MK1775

LNCaP-C42B

1 uM

>5uM

LNCaP-C42B+PTEN

1.5 uM

0.6uM

Table 2: Comparison of sensitivity of isogenic PTEN proficient and
deficient C4-2B cell lines to single (MK1775) and combination
(MK1775+5GYIR) treatments.

Clonogenic survival

% SURVIVAL

100

LAPC4-parental
LAPC4-parental

10

1
0.0

PTEN KO3
PTENK07

0.2

0.4

0.6

0.8

1.0

MK1775 (uM)
Figure 7: Clonogenic survival assay of PTEN proficient and deficient LAPC4 (PTEN KO3 and
KO7) cell lines. Isogenic PTEN proficient (LAPC4 parental) and PTEN deficient LAPC4 were treated
with various concentrations of MK1775 and plated. Individual colonies were counted after staining cells
with crystal violet. An average of 3 counts is plotted for each concentration and each cell line.
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We performed the clonogenic survival assay using LAPC4 as a model as these cell form well
defined colonies compared to C42B cells. This assay revealed that PTEN deficient LAPC4 colonies
were more sensitive to the cell cycle and epigenetic WEE1 inhibitor MK1775 compared to the
isogenic proficient cells (Figure 7). Thus LAPC4 cells that have activation of AKT due to PTEN
deletion appear to be more susceptible to the WEE1 inhibitors consistent with the sensitivity seen in
C4-2B compared to C42B-PTEN cells that had been treated with MK1775 alone (Table 1).
Inhibition of WEE1 may induce a mitotic catastrophe in the PTEN deficient background.

c. Evaluate PTEN dependency on cell cycle progression following IR and WEE1 inhibitor
treatment in metastatic PCs
To understand the reason for this differential radio sensitivity between PTEN proficient and
deficient PC cells in response to treatment with WEE1 inhibitor, we analyzed the cell cycle profiles
(Figure 8). Following MK1775 treatment, the C42B cells were predominantly arrested in S phase
(orange bars). However upon IR treatment (5Gy), the number of cells in S phase decreased and the
number of cells in G2 were increased (green bars). In cells that were treated with both MK1775 and
IR the number of cells undergoing G2/M decreased and the number in S phase increased.
Interestingly, in C42B-PTEN positive cells, regardless of treatment all the cells were found to be
stuck in G1 (brown bars). These results suggest that in the absence of G2/M checkpoint, DSBs
induced by radiation in a PTEN
120

deficient background stall cells in S
phase that may eventually activate

100

alternative DNA repair pathways
80

and the emergence of radioresistant
populations.

60

Figure 8: Cell cycle analysis of
isogenic C4-2B and C42B-PTEN
treated with WEE1 inhibitors.
C42B or C42B-PTEN were treated
with 5 GY IR and harvested at 2 h
post-irradiation.

40
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IR

MK-1775
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0

d. Screen for clonogenic potential and sphere-forming ability in the presence of WEE1
inhibitors
i. We next examined the sensitivity of isogenic pairs
of PTEN deficient PCSCs using clonogenic survival
assays, which measures the reproductive ability of
individual cells to reproduce indefinitely and form
colonies While LAPC4 CD44+ve PSAlo positive
cells formed clearly outlined colonies from single
cells on non-adherent surface the C42B CD44+ve

Figure 9: Morphological properties of PTEN deficient and proficient CD44 PCSC colonies on
adherent surfaces. Single cell colonies of CD44 positive LAPC4 or LAPC4PTENKO3 or C42B or
C42B+PTEN were allowed for two weeks to establish and visualized by microscopy. Addition or
deletion of PTEN significantly changed the morphology of this population. C42B CD44 positive cells
that were more dispersed tended to coalesce. Interestingly, some of the LAPC4 PTEN KO cells showed
heterogeneity for RFP fluorescence.

PSAlo were diffuse (Figure 9).
ii. Isogenic pairs of flow cytometry purified CD44+ve PSAlo positive PTEN proficient and
deficient PC cells were plated on adherent
and

non-adherent

surfaces.

Sphere

formation assay is used to evaluate the self
renewal and differentiation at a single cell
level on non adherent surfaces.

In the

control, DMSO treated populations, the
CD44+ve PSAlo positive LNCaP cells
formed robust spheres. Upon treatment

Figure 10: LNCaP CD44 PCSC treated
with MK1775. CD44 positive LNCaP were
treated with control (DMSO).or increasing
concentrations of MK1775. The sphere
formation was completely abrogated at 2uM
of MK1775.
10

with increasing concentrations of MK1775 the sphere forming ability was gradually diminished. At
1uM concentration, the spheres appeared fragmented and at 2 uM spheres were completely
abolished (Figure 10). In contrast to the CD44+ve PSAlo population derived from the nonmetastatic LNCaP, the CD44+ve PSAlo population from the metastatic C42B and CD44+ve PSAlo
C42B-PTEN were exquisitely sensitive to MK1775 at 0.25 uM concentration. Thus WEE1 activity
is integral for stem like property of CD44+ve PSAlo positive prostate cancer stem cells.
Figure 11: PTEN restoration does not
confer protective property against loss of
WEE1 function in sphere assay. CD44
positive C42B or C42B-PTEN were plated
on matrigel in a 6 well plate and treated with
increasing concentrations of WEE1 inhibitor.
In control cells robust sphere formation was
seen in both genetic backgrounds. However,
MK1775was sufficient in blocking sphere
formation of CSCs like cells.

Aim 3. Investigate the cytotoxicity of WEE1 inhibitors against recalcitrant xenograft tumors
formed by PTEN- CSCs in castrated male immunocompromised mice.
We first analyzed growth of PTEN null xenografts over the control PTEN re-constituted xenografts
in castrated and normal male mice. CD44+ve PSAlo positive LNCaP cells (vector, parental or
PTEN plus) were injected in normal and castrated male
immunocompromised mice (n=6 in each group).
Tumor formation was monitored. CD44+ve PSAlo
vector and parental LNCaP cells formed xenograft
tumors in 50% of the normal male mice by 4 weeks
Figure 12: PCSC xenograft growth is inhibited
after restoration of PTEN. PTEN deficient LNCaP
CD44 cells formed robust tumors in normal mice.
Tumor growth was significantly regressed followed
reconstitution with the tumor suppressor PTEN.
11

(Figure 12). Only two of six CD44+ve PSAlo PTEN injected cells formed small tumors (~100mm3)
in castrated male mice after 6 weeks and none formed in other groups. The reason for lack of tumor
formation by parental and vector expressing CD44+ve PSAlo LNCaP cells in castrated mice is not
known at this time. Mean tumor volume is shown for tumors obtained from 5 of 6 normal mice in
each group (Figure 12).

b. Immunohistochemical staining of resected tumors for necropsy of the tumor tissue.
Ki67 staining, an indicator of cell proliferation, was performed on control and MK1775 treated
tumor sections. While the control tumors were 70-80% Ki-67 positive, MK1775 treated tumors
showed small nucleated cells which may represent a sinus histiocytosis, a lymph node reactive
response, and no tumor cells. Future studies with other PTEN deficient models are important to
validate the effectiveness of WEE1 inhibitors to tackle recurrent PC.

DMSO

MK1775

Figure 13: Ki67 staining of control and MK1775 treated xenografts. Immunostaining for Ki67 a cell
proliferation marker revealed proliferating cells in control tumors. The MK1775 treated tumors showed
very few prostate cancer cells. Majority appeared to be small nucleated cells which may be infiltrating
lymphocytes.

CONCLUSIONS
Overall, our results indicate that CD44+ve PSAlo LNCaP prostate cancer stem-like cells (PCSCs)
and CD44+ve PSAlo C4-2B PCSCs (a metastatic derivative of LNCaP) are exquisitely sensitive to
the WEE1 inhibitor MK1775 (5uM) even in the absence of DNA damage. MK1775, the WEE1
inhibitor currently undergoing Phase II clinical trials for other cancers may be useful in targeting
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PTEN deficient prostate cancers and also eliminate the recalcitrant stem cell-like population to
overcome resistance to treatment.
1. What opportunities for training and professional development has the project provided?
o Nothing to Report
2. How were the results disseminated to communities of interest?
o Seminars
o Moffitt Cancer Center, Tumor Biology Department Retreat, Tampa, Florida Dec 4,
2015: Recalcitrant cancer, cancer stem cells and targeted therapies.
o Moffitt Cancer Center, Tumor Biology Research In Progress, Tampa, Florida Nov 3,
2015 : Exiting the Comfort Zone: Tackling the Complexity of Castration Resistant
Prostate Cancer.
o
o

What do you plan to do during the next reporting period to accomplish the goals?
"Nothing to Report..

IMPACT:
What was the impact on the development of the principal discipline(s) of the project? This
proposal explored WEE1 kinase as a novel therapeutic target in PTEN mutated prostate cancer.
Our results indicate that prostate cancer stem-like cells (PCSCs) are exquisitely sensitive to the
WEE1 inhibitor MK1775 (5uM) even in the absence of DNA damage. De novo loss of a tumor
suppressor PTEN protected C4-2B from irradiation induced toxicity. conferred sensitivity in
clonogenic survival assays. Loss of PTEN tumor suppressor. In contrast, the PTEN proficient
C4-2B were hypersensitized to WEE1 inhibitors following radiation induced DNA damage.
PTEN restoration is sufficient to reverse the tumor forming ability of CD44+ve PSAlo positive
LNCaP PCSC cells. Thus, WEE1 inhibitors such as MK1775 (AZD1775) currently undergoing
Phase II clinical trials for other cancers may be useful in targeting PTEN deficient prostate
cancers and also eliminate the recalcitrant stem cell-like populations to overcome resistance to
treatment.
What was the impact on other disciplines?
o

Nothing to Report.

What was the impact on technology transfer?
o

Nothing to Report.

What was the impact on society beyond science and technology?
o

Nothing to Report.
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CHANGES/PROBLEMS: Nothing to Report
Significant changes in use or care of human subjects, vertebrate animals,
biohazards, and/or select agents Nothing to Report
o Significant changes in use or care of human subjects Nothing to Report
o Significant changes in use or care of vertebrate animals. Nothing to Report
o Significant changes in use of biohazards and/or select agents Nothing to Report
o

o

PRODUCTS: Publications, conference papers, and presentations
Two review articles written during this funding period. The DOD award was acknowldged in
this article.
Mahajan, K*. and N.P. Mahajan, Cross talk of tyrosine kinases with the DNA damage signaling
pathways. Nucleic Acids Res, 2015.
Mahajan, K.*, hPso4/hPrp19: a critical component of DNA repair and DNA damage checkpoint
complexes. Oncogene, 2015
*Corresponding author

Seminar/Presentations:
1.

Moffitt Cancer Center, Tumor Biology Department Retreat, Tampa, Florida Dec 4, 2015:

Recalcitrant cancer, cancer stem cells and targeted therapies.
2.

Moffitt Cancer Center, Tumor Biology Research In Progress, Tampa, Florida Nov 3, 2015 :

Exiting the Comfort Zone: Tackling the Complexity of Castration Resistant Prostate Cancer.
3.

Moffitt Cancer Center, Drug Discovery Group Seminar Series, Tampa, Florida, June 23, 2015:

Epigenetic Underpinnings of the DNA damage response pathways.
o
o
o

Website(s) or other Internet site(s). Nothing to Report
Technologies or techniques Nothing to Report.
Inventions, patent applications, and/or licenses Nothing to Report

o

Other Products
Generated isogenic pairs of C42B and C42B PTEN plus and LAPC4 and LAPC4
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ABSTRACT

INTRODUCTION

Tyrosine kinases respond to extracellular and intracellular cues by activating specific cellular signaling
cascades to regulate cell cycle, growth, proliferation,
differentiation and survival. Likewise, DNA damage
response proteins (DDR) activated by DNA lesions
or chromatin alterations recruit the DNA repair and
cell cycle checkpoint machinery to restore genome
integrity and cellular homeostasis. Several new examples have been uncovered in recent studies which
reveal novel epigenetic and non-epigenetic mechanisms by which tyrosine kinases interact with DDR
proteins to dictate cell fate, i.e. survival or apoptosis,
following DNA damage. These studies reveal the ability of tyrosine kinases to directly regulate the activity
of DNA repair and cell cycle check point proteins
by tyrosine phosphorylation. In addition, tyrosine kinases epigenetically regulate DNA damage signaling pathways by modifying the core histones as well
as chromatin modifiers at critical tyrosine residues.
Thus, deregulated tyrosine kinase driven epigenomic
alterations have profound implications in cancer, aging and genetic disorders. Consequently, targeting
oncogenic tyrosine kinase induced epigenetic alterations has gained significant traction in overcoming
cancer cell resistance to various therapies. This review discusses mechanisms by which tyrosine kinases interact with DDR pathways to regulate processes critical for maintaining genome integrity as
well as clinical strategies for targeted cancer therapies.

Tyrosine kinase (TK) signaling has garnered a lot of interest in recent years, principally in cancer research, due to the
demonstrable success in developing precision drugs to target critical pathogenic drivers (1–4). Under regulated conditions, tyrosine phosphorylation acts as a rapid on-off switch
in cells and is employed by the cellular signaling pathways
to regulate growth, migration, adhesion, differentiation and
survival. Conversely, constitutively active tyrosine kinase
signaling cascades relay unrelenting growth and proliferation signals to promote tumor development, progression
and metastasis in less than optimal environments. Tyrosine
kinases are also known to be activated in cells upon DNA
damage and in turn activate signal transduction networks
required to restore cellular homeostasis (5–10). These networks comprise of proteins critical for DNA repair, cell
cycle checkpoints, chromatin remodeling and restoration,
miRNA processing, mRNA splicing and stability (Table 1).
Understanding the mechanisms by which tyrosine kinases
regulate DDR to impact cell fate in normal cells is essential
to delineate their roles in cancer cell resistance to various
DNA damaging agents.
DNA double-strand breaks (DSBs) pose a grim threat
to cells as loss or gain of genetic material, mutations and
chromosome rearrangements due to improper repair can
be a primer for malignant transformation (11–14) (Figure
1). In normal cells, DSBs are repaired with high fidelity by
members of the homologous recombination (HR) pathway
which restore the genetic integrity using a donor template
(15). In contrast, when the DSBs are acted upon by members of the non-homologous end joining (NHEJ) pathway,
the ends are joined directly with little or no homology and
the process is thus error prone. The classical NHEJ or the
canonical NHEJ (c-NHEJ) does not rely on the availability
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Table 1. Tyrosine kinases–DDR interactions: phosphorylation sites and functional roles
Tyrosine kinase

DDR protein–phosphorylation site

DDR function

References

c-Abl
c-Abl

Lyn

CDK1, DNA-PK and PKC␦

Rad53
Src, Fyn, and C-Abl
Src
WSTF
WEE1
WEE1

H3 at Y99
AKAP8
ATR/Chk1
H2Ax at Y142
CDK1 at Y15
H2B at Y37

Binding to H3K9me3 residue and Activation of ATM by acetylation
Disrupts the binding of MdmX to p53
Regulates interaction with ARF
Disrupts the binding of MdmX to p53
Increase in apoptosis and cell death
Interaction activates Abl kinase and tyrosine phosphorylation of MSH5
Dissociates the DNA PKcs-Ku complex
BRCA1 negatively regulates Abl tyrosine kinase activity
Chromatin association during HRR
Ionizing radiation induced foci (IRIF) formation
Regulates p53 dependent apoptosis
IR induced response
Regulates p53 dependent apoptosis
Upregulates AR mediated ATM expression
Regulates HOXA1 gene expression
Chromatin modulation
DNA synthesis and repair, IR induced foci formation
NHEJ/radioresistance
Mismatch repair
Disrupts IRS-1-Rad51 complex. Required for nuclear translocation of
Rad51 during HRR
IR induced activation and association of Lyn - with CDK1. Lyn
activates DNA-PK and PKC␦
Regulate histone levels
Chromatin alteration
Termination of DNA damage response
Radiosensitization
G2/M arrest
Global histone synthesis

(10)
(150,151)

c-Abl
c-Abl
c-Abl
c-Abl
c-Abl
c-Abl
c-Abl
c-Abl
c-Abl
c-Abl
ACK1/TNK2
ACK1/TNK2
EGFR
EGFR
EGFR
EGFR
IGF-1R

KAT5 at Y44
Mdm2 at Y394
HDM2 at Y276
MdmX at Y99
p73 at Y99, p63 at Y149
MSH5
DNA PKCs (pYC-Terminal Domain)
BRCA1 (pYC-Terminal Domain)
Rad51 at Y315
Rad52 at Y104
YAP at the Y357
ATM and DNA PKcs
HIPK2 at Y360
AR at Y267
KDM3A at Y1114
H4 at Y72
ATM at Y370
DNAPKcs
PCNA at Y211
IRS-1

(152)
(69,153,154)
(155)
(156)
(157)
(108,109)
(110)
(80)
(65,100,104)
(6)
(56,72)
(142)
(57)
(158)
(39)
(61)
(30)
(63,75–78)
(87,88)
(121)
(31)
(112)
(159,160)
(92)

The tyrosine residues in DDR proteins specifically modified by the individual tyrosine kinases are shown in the table. The functional outcome of the tyrosine phosphorylation on the activity of the DDR
protein or the corresponding DNA repair pathway is detailed above. Very little cross substrate phosphorylation is observed between individual tyrosine kinases. Each DDR protein appears to be uniquely
targeted by a specific tyrosine kinase at distinct tyrosine residues.

of homologous ends for joining DSBs and is catalyzed by
Ku complex in conjunction with seven other core members
of NHEJ (16–18). Albeit to a lesser degree, some homologyindependent repair occurs in the absence of these Ku proteins, and is referred to as the microhomology-mediated
end joining (MMEJ), or alternative NHEJ (alt-NHEJ) (19).
Even though DNA damage is the initiator of the HR, cNHEJ, and Alt-NHEJ pathways, the activity of the DDR proteins operating in these pathways may be further regulated
by post-translational modifications by tyrosine kinases (Table 1). Conversely, inhibition of tyrosine kinase signaling
significantly enhances the induction of radiation-induced
apoptosis, prevents radiation-induced invasiveness and reverses the radioresistance of tumor cells by interfering with
DNA repair (20,21).
Oncogene induced replication stress impairs replication
fork progression and therefore activates the DNA damage checkpoints, which function as an anti-cancer barrier
(8,22,23). These checkpoints are critical to stall cell cycle
progression to allow time for repair, so that cells do not
linger with damaged DNA that potentiates genome instability phenotypes (11,24). Cells may either enter replicative senescence or undergo mitotic arrest in the presence
of broken chromosomes and shortened telomeres (25–27).
However, cancer cells circumvent this anti-tumor barrier
by overexpressing positive regulators or mutating the negative regulators of tumorigenesis (28). Tyrosine kinases are
also activated in cells following exposure to radiation, interact with DNA repair and checkpoint pathways, to promote survival or apoptosis (29,30). In addition, tyrosine kinases may directly terminate activated checkpoints (31,32).
Further, both receptor and non-receptor tyrosine kinases
epigenetically regulate DNA damage signaling by modifying the core histones as well as chromatin modifiers (Figure

2). Thus, the cross talk of tyrosine kinases with the DNA
Damage Response (DDR) proteins presents a conundrum
of oncogene and tumor suppressor interactions and consequently adds complexity into a precisely orchestrated control of genome stability (24). Consequently, deregulated tyrosine kinase driven genomic and epigenomic alterations
have profound implications in cancer, aging and genetic disorders. This review discusses novel mechanisms by which tyrosine kinases regulate DDR pathways and the physiological and clinical implications of targeting these pathways in
cancer.
Receptor tyrosine kinases are activated by DNA damage
Approximately, 20 receptor tyrosine kinase (RTK) families
and at least nine distinct groups of non-receptor tyrosine kinases (NRTK) have been identified in humans, which correspond to about 100 kinases (33). Transmembrane tyrosine kinases, such as the Epidermal Growth Factor Receptor (EGFR) or Insulin like Growth Factor 1 Receptor (IGF1R) are activated not only in response to extracellular signal
originating from the binding of respective ligands or growth
factors, but also upon exposure of cells to ionizing radiation, independent of ligand stimulation (Figure 2) (30,34–
37). For example, the phosphorylation of EGFR at residues
Y845 and Y1173 was found to be strongly induced by ionizing radiation (IR) (38). IR activated EGFR is transported
in a Src kinase dependent manner, and interacts with the
NHEJ protein, DNAPK (38). EGFR may be also internalized in the nuclear compartment as a component of the lipid
rafts or due to its interaction with importin beta (39) (Figure 2). Blocking the nuclear transport of EGFR by Erbitux,
markedly impaired radiation associated activation of DNAPK and increased cellular radio-sensitivity demonstrating a
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Figure 1. Integrity to the genome is under threat by a variety of exogenous and endogenous agents that activate DNA damage checkpoints. Chromatin
alterations can also activate DNA damage signaling pathways. Activated checkpoint kinases, ATM or ATR arrest the cells at a specific stage in the cell
cycle and allow time for repair. DNA double strand breaks caused by ionizing radiation may be repaired either by the homologous recombinational repair
pathway (HRR) or the non-homologous end joining pathway (NHEJ). In addition, eukaryotic cells face a variety of other situations which could also
lead to an unstable genomic state, e.g. mutagenic DNA polymerases, aberrant activity of the end joining proteins, leading to chromosomal translocations,
mutations in the DNA and histone modifying enzymes. Small molecule inhibitors targeting these aberrant proteins have emerged to be a therapeutic option
which could not only restore genome stability but also inhibit tumor growth by radiosensitization.

direct regulation of NHEJ repair by RTKs (38,40). Moreover, unlike the selectivity seen with the binding of specific
growth factors, ionizing radiation randomly activates, albeit to a lesser degree, all members of the EGFR family,
ErbB receptors 1–4 (35–37). The random nature of oxidative damage induced by ionization has been suggested as
a mechanism for this indiscriminate EGFR family activation (37). This response occurs in a biphasic manner as secondary activation of the EGFR is observed followed initial radiation-induced activation in cancer cells and may be
mediated by radiation-induced cleavage and autocrine action of TGF␣ (41). A proposed mechanism by which EGFR
promotes survival in response to radiation in some genetic
backgrounds such as K-Ras mutated cell line is the activation of PI3K/AKT signaling pathway that transduces
signal to DNAPK stimulating DSB repair (29). Further,
treatment of lung cancer cells with EGFR specific small
molecule inhibitor gefitinib (Iressa), strongly inhibited the
DSB repair after ionizing radiation, indicating that EGFR

promotes radiation response by augmenting DNA repair
capacity of cancer cells (42).
Ionizing radiation also activates IGF-1R and depletion
of IGF-1R or pharmacological blockade of this pathway
increased cellular radiosensitivity by modulating DSB repair (30,34) (Figure 2). Additionally, in human neuroblastoma cells, expression of XRCC4, a central component of
NHEJ, was significantly upregulated upon overexpression
of TrkA receptor tyrosine kinase leading to increased NHEJ
activity (43). Consistently, TrKA expression correlated with
faster repair of IR-induced DSBs, clinically correlated with
increased chromosome stability and favorable prognosis of
childhood neuroblastomas. Combined, these studies suggest that activation of tyrosine kinase receptors in response
to DNA damage contributes to the genomic stability of cancer cells.
EGFRvIII, a deletion mutant of EGFR that lacks the
extracellular, ligand-binding domain, is constitutively active and exhibits higher level of autophosphorylation in re-
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Figure 2. Activation of the DDR proteins in cancerous cells is intricately linked to activated tyrosine kinases and their downstream signaling partners,
some of which are also tyrosine kinases. Transmembrane tyrosine kinases, such as the EGFR and IGF-1R are activated by ionizing radiation or by
growth factors. Activated EGFR undergoes auto-phosphorylation that in turn recruits and activates non-receptor tyrosine kinases (NRTKs), Src and
ACK1/TNK2. These NRTKs shuttle between the cytosol and the nucleus, relaying signals from multiple transmembrane RTKs directly to the nuclear
compartment to activate specific DDR pathways. A nuclear form of EGFR modifies, the histone H4 at Tyr72 which functions as a docking site for the
chromatin modifying enzymes SET8 and SUV4–20H that methylate H4 lysine 20. In contrast to EGFR, in IR-treated cells, nuclear non-receptor tyrosine
kinase Abl directly phosphorylates the histone lysine acetyl transferase KAT5/TIP60 by modifying the Tyr44 in the chromodomain. KAT5 acetylates and
activates ATM at DSB sites and loss of KAT5 Tyr44-phosphorylation is associated with increased sensitivity to ionizing radiation. ATM phosphorylates
H2A.X at Ser139 residue. In addition, Abl exhibits another response mode- it antagonizes YAP1 oncogenic function by phosphorylating it at Tyr357, which
works in conjunction with the tumor suppressor p73 to promote apoptosis in irradiated cells. Abl also antagonizes the negative regulators of the tumor
suppressor p53, MDM2 and MDMX, in response to DNA damage. Abl modification of the catalytic subunit, DNAPKCS interferes with the formation
of active DNAPK-Ku complex. A non-receptor tyrosine kinase JAK2 utilizes its epigenetic activity wherein it modifies Histone H3 at Tyr41 excluding the
binding of heterochromatin protein HP1 which resulted in elevated expression of oncogene lmo2. WEE1 has emerged to be another epigenetic tyrosine
kinase that directly phosphorylated the histone H2B at Tyr37, consequently terminating global histone transcription at the end of S phase to maintain
histone homeostasis. ACK1 is another NRTK that not only phosphorylated Androgen receptor (AR), but also was recruited to a distinct set of cell cycle and
DNA damage checkpoint genes, including ATM to confer radioresistance in prostate cancer cells. IGF-IR regulates HRR by modulating the interaction
of the insulin receptor substrate 1 (IRS-1) with Rad51.
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sponse to IR (44). In contrast to activated EGFR which
stimulates both the RAS/RAF/MAPK and PI3K/AKT
pathways, EGFRvIII appears to preferentially and robustly
activate only the PI3K/AKT signaling cascade (45–47).
Consistently, inhibition of PI3K/AKT signaling impaired
DSB repair and enhanced radio sensitivity of brain (GBM)
as well as breast cancers (48–51). Interestingly, in the light of
the recent reports that demonstrate radiation induced AKT
translocation to the nucleus and association with DNAPK
at DSBs, it is likely that hyperactivation of DNAPK by
EGFRvIII/AKT signaling could potentiate DNA repair in
cancer cells, opening an entirely new therapeutic options
to overcome radiation resistance in cancer cells (52–54).
In addition, tyrosine 176 phosphorylated AKT is known
to translocate to the nucleus in a PI3K-independent and
ACK1 tyrosine kinase dependent manner (55). While activated ACK1 expression is correlated with radioresistance
in prostate cancer cells (56), the role of ACK1-pY176AKT
signaling in radioresistance is not yet explored.
The internalization of TKs to cues of radiation damage
suggests that cells may be using this mechanism to prevent
additional growth factor induced signaling cascades until
the DNA damage is repaired. Some of studies described below provide further mechanistic insights into how activated
oncogenic tyrosine kinases fine tune the repair of radiation
induced DNA damage.

Receptor tyrosine kinases epigenetically regulate DDR
Recent studies have uncovered novel epigenetic underpinnings of the RTK-DDR cross talk. The nuclear form of
EGFR has been reported to directly modify the core histone H4 at tyrosine 72 (57). The H4 Y72-phosphorylation
functions as a docking site for another group of chromatin modifying enzymes SET8 and SUV4-20H that subsequently methylate lysine 20 (Figure 2). Consequently,
the H4Y72/H4K20 dual motif directs transcriptional programs for optimal DNA synthesis and DNA repair in cells,
implicating RTKs in DNA metabolic activities. Conversely,
the H4 Y72 peptide disrupted EGFR-histone H4 interaction and was able to suppress breast cancer xenograft tumor
growth (57). With the discovery that the IR-induced checkpoint proteins, mammalian 53BP1 (and its ortholog Crb2 in
S. pombe), interact with methylated H4K20 at DSB sites via
their tudor domains, the loss of H4 Y72-phosphorylation
in delaying cell cycle progression could be due to persistent and unrepaired DSBs that eventually lead to apoptosis (58,59). In addition, EGFR is reported to stabilize the
binding of the Proliferating Cell Nuclear Antigen (PCNA)
to the chromatin by modifying it at Y211 (60). This phosphorylation of PCNA promotes misincorporation of nucleotides during DNA synthesis by inhibiting the activity of
mismatch repair proteins at the initiation step (61). Accordingly, interference with the activity of pY211-PCNA led to
S-phase arrest, inhibition of DNA synthesis, cytotoxicity
and decreased tumor growth of prostate cancer xenograft
tumors in mice (62). Collectively these studies emphasize
the notion of a direct control of regulation of the DNA
damage signaling cascade by RTKs during malignant transformation.

Non-receptor tyrosine kinases regulate DNA damage checkpoint pathways
DDR proteins are also targets of non-receptor tyrosine kinases (NRTKS), such as Abl-1, ACK1 (TNK2) and Src
family of tyrosine kinases (Table 2 and Figure 2). Importantly, NRTKs shuttle between the cytosol and the nucleus,
and have emerged to be a major intermediary in cellular signaling capable of relaying signals from activated RTKs directly to the nuclear compartment, to activate specific DDR
pathways (31,56,63,64).
Abl-1 is a versatile kinase that is activated in cells exposed
to genotoxic stress and directly phosphorylates a number
of key cellular proteins to promote DNA repair, cell cycle
arrest or apoptosis (Table 1 and Figure 2) (65,66). Abl-1
modulates the activity of a number of substrates; Rad51,
Rad52, Msh2, ATM, DNAPKCs, BRCA1 and MDMX to
regulate some of the major pathways of DNA DSB repair
(67,68) (Table 2). Abl-1 also functions as a tumor suppressor in response to radiation induced DNA damage by phosphorylating p73 at Y99 and transactivating and promoting p73 dependent apoptosis (69,70). Recently, it was uncovered that in addition to p73, Abl-1 can also phosphorylate HIPK2 at Tyr360 facilitating p53 dependent apoptosis
upon DNA damage (Table 1) (6). Significantly, the DNA
damage-induced apoptosis and the activation of the tyrosine kinase c-Abl were regulated by the tumor suppressive
Hippo Lats2 kinase depending on the cell density (9). Other
mechanisms by which Abl-1 regulates DNA damage checkpoints and DDR proteins to promote genome integrity have
been extensively covered (66) and will not be discussed in
depth in this article.
In contrast to Abl-1, NRTKs such as ACK1 and the
Src family of tyrosine kinases have been shown to regulate
radioresistance by indirect mechanisms. ACK1/TNK2 tyrosine phosphorylates AR at Y267 in androgen deprived
conditions of prostate cancer cells (56,71,72). Mechanistically, ACK1/pY267-AR complex is recruited to the upstream elements of a distinct set of cell cycle and DNA damage checkpoint genes in an androgen-independent manner (Table 1) (56,72). Notable among these is an upstream
binding site in the ATM (Ataxia Telangiectasia Mutated)
gene, that contains ARE (androgen responsive elements)
sites (56,73). Consequently, activated ACK1 promoted radioresistance of prostate cancer cells and conversely, a small
molecule ACK1 inhibitor, e.g. AIM-100 blocks ATM dependent DNA damage induced G2/M arrest, resulting in
the accumulation of cytotoxic DSBs (Table 2).
The Src family of NRTKs including Src, Fyn and Lyn
may also influence the DDR responses (22,31). Src is known
to be phosphorylated upon IR treatment (74). Moreover,
the radiation dependent activation of EGFR was found to
be Src dependent in some tumor cell lines (38). Intriguingly,
the mechanism of action of Src family of kinases appears to
be distinct from ACK1, as these kinases oppose the activity of the checkpoint kinases. Just as activation of the DDR
pathways is tightly regulated, its deactivation also appears
to be precisely controlled within the cells (22). Accordingly,
the recovery from G2/M checkpoint arrest via dephosphorylation and degradation of the checkpoint kinases following completion of DNA repair is suggested to be dependent
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Table 2. Tyrosine kinases in the DDR network: Alteration frequencies in various cancers
Tyrosine kinase

Alteration frequency

Frequently mutated cancers

Amplification/deletion

Inhibitors/drugs

ABL1

4% SAC, 2% AML
26% LSCC, 27% OSC, 19%
HNSCC, 9% SAC, 8% DLBCL

Amplifications and missense
mutations, Gene fusion
Amplifications

Imatinib

ACK1 or TNK2

AIM-100, (R)-9b

EGFR

53% GBM, 8% LSCC, 14%,
HNSCC, 11% SAC

Amplifications and missense
mutations

Gefitinib, Lapatinib, Iressa,
Cetuximab/Erbitux, Nimotuzumab

IGF1R

10% SAC, 9% OSC, 7%, LHC, 7%
CAC

Amplifications and missense
mutations

Cixutumumab (IMC-A12),
Dalotuzumab (MK-0646; h7C10),
Linsitinib (OSI-906)

EPHA5

12% LAC, 10% SCLC, 9% SAC,

Stomach adenocarcinoma (SAC),
Acute myeloid leukemias (AML)
Lung squamous cell carcinoma
(LSCC), Ovarian Serous
Cystadenocarcinoma (OSC), head and
neck squamous cell carcinoma
(HNSCC), stomach
adenocarcinoma(SAC), diffuse large B
cell lymphomas (DLBCL)
Glioblastoma (GBM), lung squamous
cell carcinoma (LSCC), head and neck
squamous cell carcinoma (HNSCC),
stomach adenocarcinoma (SAC)
Stomach adenocarcinoma (SAC),
ovarian serous cystadenocarcinoma
(OSC), liver hepatocellular carcinoma,
colorectal adenocarcinomas (CAC)
Lung adenocarcinoma (LAC), small
cell lung cancer (SCLC), stomach
adenocarcinoma (SAC),
Diffuse large B cell lymphomas
(DLBCL)
Glioblastomas, sarcomas

Mutations, amplifications

none

FYN

15% DLBCL

WEE1

<1%

Deletions

Various Src inhibitors

Deletions and missense mutations

AZD1775

The tyrosine kinases that participate in DNA damage response signaling are reported to be frequently mutated in a number of malignancies. The frequency and type of known genetic alteration of the
tyrosine kinase, the cancer subtype where it is most frequently mutated and the small molecule inhibitors/drugs targeting each tyrosine kinase signaling pathways are shown.
Reference for mutation frequencies: www.cBioPortal.org.

on the activity of the Src family of tyrosine kinases (31). Although, the exact mechanism is not clear, one putative scenario that has been proposed is the silencing of ATR/Chk1
signaling cascade through an increase in the inhibitory nuclear tyrosine phosphorylation events. These findings may
illuminate its well established role as an oncogene wherein it
has been demonstrated to have a role in cell proliferation, invasion and motility. In activated Src expressing cancer cells,
the cells rapidly recover from stalled replication forks, such
as those caused by oncogene-induced replicative stress and
resume cell cycle progression (31). Consistent with these observations, Src inhibitors induce a prolonged G2/M arrest
and growth inhibition or apoptosis (31). Additionally, the
Lyn tyrosine kinase, a member of Src family is activated by
ionizing radiation and mitomycin C treatment (75,76) and
interacts with the cell division cycle protein Cdc2, DNAPK
and protein kinase C delta (PKC delta) in irradiated cells
(63,77,78). Thus, the regulation of DDR pathways by oncogenic cytosolic kinases suggests that cancer cells effectively
use these survival kinases to circumvent radiation induced
apoptosis.

vates Abl dependent ATM activation, suggesting that Abl
is sensing different epigenetic alterations (10). Further, the
bi-directional Abl/ATM cross talk may be a context dependent signaling event that underlies chromatin accessibility
at loci with increased H3K9 trimethylation, and is the basis for differences in DDR responses at euchromatin versus
heterochromatin loci (10). Notably, increased hyperacetylation and loss of HP1 binding has been shown to augment the Tyr-phosphorylation of histone acetyl transferase,
KAT5 (10). The binding of KAT5 to H3K9me3 leads to
acetylation and activation of ATM that is needed for Chk2
and p53 phosphorylations to promote DNA damage induced cycle arrest (Table 1). In addition to activating the
p53 tumor suppressor dependent apoptotic pathway, c-Abl
also promotes p73-YAP dependent apoptosis by negating
the oncogenic activity of YAP in response to DNA damage by phosphorylating it at Tyr357 and preventing the activation of the TEAD family of transcription factors (Table
1 and Figure 2) (80). These studies highlight the ‘decision
maker’ function of c-Abl to determine whether to activate
apoptotic program or initiate the DNA repair process.

Epigenetic interactions of non-receptor tyrosine kinases with
DDR proteins

Epigenetic interactions of non-receptor tyrosine kinases with
histones to maintain genome integrity

Cells activate the DDR pathways following exogenous and
endogenous DNA damage. However, it is not only a physical damage to the DNA but the chromatin alterations can
also trigger DDR pathways. These chromatin alterations
can manifest either as structural alterations due to changes
in nucleosome packaging, histone imbalance, or due to the
removal or addition of specific epigenetic modifications on
histones. DNA DSBs induced by the topoisomerase II inhibitor, Adriamycin, can also promote translocation of cAbl into the nucleus, causing specific hypoacetylation of
H4K16 residue in a tyrosine phosphorylation dependent
manner (79). Interestingly, hyperacteylation of histones by
trichostatin A, a histone deacetylase inhibitor, also acti-

Chromatin duplication is a singularly vulnerable phase in
cell cycle. Any incompletely replicated DNA or excess histones can perturb histone/DNA stoichiometry, disrupt
chromosome homeostasis to promote genome instability
and mitotic catastrophe. Additionally, histone imbalance
can alter stable gene expression profiles in cells by inducing epigenetic alterations that are often linked to cancer and
developmental disorders (81–86). There are at least two examples by which tyrosine kinase and proteins with tyrosine
kinase like activity maintain histone/DNA stoichiometry of
the chromatin. The first example is the DNA damage checkpoint kinase from the budding yeast, Saccharomyces cerevisiae, Rad53, (homolog of CHK2 in humans) which regu-
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lates histone homeostasis within cells (87). Rad53 harbors
both serine/threonine and tyrosine kinase like-activity and
protects cells from cytotoxic effect of excess histones. Mechanistically, it phosphorylates excess non-chromatin bound
histone H3 at Tyr99 and flags it for proteosomal degradation (88,89). Importantly, its ability to prevent excess nonnucleosomal histones from interfering with the initiation of
DNA replication was found to be independent of its role
as an effector of the Mec1 mediated replication and DNA
damage checkpoint activity in stabilizing stalled replication
forks (90). Consistently, deletion of a major copy of the H3H4 genes in S. cerevisiae suppressed the synthetic lethality associated with replication defective mutant of Rad53
(rad53-rep) and the cell division cycle protein 7 (cdc7-1)
(homolog of CDC7Hs in humans). Together, these studies
provide insights into how tyrosine and threonine kinase activity of Rad53 may be employed to regulate two distinct
protein–protein interaction networks within cells (90,91).
The second example is WEE1 kinase, which directly
phosphorylates the histone H2B at Tyr37, to terminate global histone transcription at the end of S phase
(92). Mechanistically, the histone transcriptional repressor, HIRA acts as the ‘reader’ of the pY37-H2B epigenetic marks and its recruitment excluded the histone transcriptional co-activator, NPAT, to suppress global histone
mRNA synthesis. Importantly, the WEE1-specific small
molecule inhibitor, MK-1775 (also known as AZD1775),
reversed histone transcriptional suppression by blocking
this WEE1 epigenetic function (Table 1 and Figure 2). The
role of H2B Tyr37-phosphorylation in G2/M arrest has
not been elucidated so far. Future studies investigating its
requirement in IR-induced or replication stalling induced
WEE1 checkpoint functions may reveal whether anti-tumor
activity of WEE1 inhibitors is a combination of suppression
of WEE1 epigenetic activity and blocade of cell cycle progression.
JAK2, another NRTK, phosphorylates histone H3 at
tyrosine 41 to regulate transcription by marking several
active promoters, including the leukeomogenic oncogene
Imo2, which regulates hematopoietic stem cell development
in normal cells (93). Increased levels of phosphorylated
H3Y41 as well as JAK2 activity is seen with GBMs and
treatment with JAK2 inhibitors was found to overcome radioresistance of GBMs treated with temozolomide and IR
(94). Overall, the ability of NRTKs to interact directly with
the chromatin in normal and cancer cells has opened doors
to further interrogate their direct roles in regulating DNA
damage signaling and chromatin integrity in response to
radio- and chemotherapy.
Tyrosine kinases in DSB repair
Tyrosine kinases also influence DNA DSB repair by directly modifying proteins involved in HR or NHEJ following DNA damage. EGFR/AKT/ERK signaling is activated and protects tumor cells from cytotoxic doses of ionizing radiation induced DNA damage (35,37,41). In addition, somatic mutations in EGFR tyrosine kinase have been
shown to differentially modulate DNA double strand break
repair as seen by differences in the kinetics of resolution
of IR induced H2AX foci and enhanced clonogenic sur-

vival compared to the wild type EGFR (35,37,41). In addition to EGFR, IGF-1R also regulates DSB repair mediated
by both, non-homologous end-joining and homologous recombinational repair proteins (HR) (30,34,95–97). Mechanistically, IGF-IR tyrosine phosphorylates a major downstream substrate, the insulin receptor substrate 1 (IRS-1)
upon IGF-1 stimulation (30) IRS-1 interaction with Rad51
is negatively regulated by tyrosine phosphorylation in the
cytosol. IGF-1 stimulation disrupts the IRS-1-Rad51 complex promoting Rad51 entry into the nucleus (Figure 2).
Conversely, attenuation of IGF-1R signaling lead to diminished translocation of Rad51 to the site of damaged DNA,
compromising homologous recombination-directed DNA
repair (Table 2) (30). In contrast in lung cancer cells, IGF1R inhibition decreased the radiation-induced Ku-DNAbinding in a p38 MAPK dependent manner supporting a
role for IGF-1R signaling in NHEJ mediated DSB repair
(34).
Although the exact mechanism is not known, expression
of TrkA tyrosine kinases accelerates IR induced DNA DSB
repair by upregulating the expression of the NHEJ protein
XRCC4 in neuroblastoma cell lines (43). Similarly, fusion
tyrosine kinases drive drug resistance in hematopoietic cells
by utilizing multiple routes i.e. upregulating STAT5 dependent upregulation of RAD51, recruiting it to repair DSBs
by homologous recombination, promoting anti-apoptotic
activity of BCL-XL and delaying cell cycle progression (98).
The instantaneous activation of c-Abl kinase upon IRinduced damage is primarily mediated by ATM via phosphorylation at Ser465 or may be mediated by DNAPK
at an unknown site (65,99,100). Intriguingly, this DDRTK regulation appears to be bidirectional, as ATM activation is itself regulated indirectly by c-Abl activity when
complexed with KAT5/TIP60 (10). In IR-treated cells,
Abl phosphorylates the histone lysine acetyl transferase
KAT5/TIP60 by modifying the Tyr44 in the chromodomain (Table 1). Loss of KAT5 Tyr44-phosphorylation is
associated with increased sensitivity to ionizing radiation.
ATM and KAT5 form a distinct complex (101) that is recruited near DSB sites, displacing the heterochromatin protein 1 (HP1) at H3K9me3 in a MRN (Mre11-Rad50-Nbs1)
dependent manner (102). Abl is acetylated by TIP60/KAT5
in response to DSBs at K921 which is required for IR induced apoptosis (103). c-Abl has also been shown to directly
interact with and phosphorylate DNAPK, causing the dissociation of DNAPK/Ku protein complex from the DNA
and attenuating NHEJ repair (104). Interestingly, in cells
exposed to IR, c-Abl/BRCA1 interaction is also compromised (105). Further, c-Abl activated by IR was also shown
to mediate phosphorylation of PI3K and mTOR, causing
the inhibition their kinase activity (106,107). IR activated
c-Abl tyrosine phosphorylates Rad51 at Tyr315 which increases association with Rad52 and chromatin in the recombination complex, in an ATM dependent manner (108,109).
Interestingly, Rad52 is also phosphorylated at Tyr104 and
this modification is required for the formation of ionizing
radiation induced foci (IRIF) (110,111). These results suggest that Abl-1 is a critical regulator of DNA damage responses by post-translationally modifying epigenetic and
non-epigenetic regulators to promote DNA repair or apoptosis.
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An off-on tyrosine/serine phosphorylation switch in the
tail of variant histone, Histone H2A.X, directs repair in response to DSBs (112,113). ATM phosphorylates the histone variant, H2A.X, at Serine 139 (␥ H2A.X) in response
to DNA DSBs. ␥ H2A.X functions as an active epigenetic
mark for the recruitment of the mediator/adaptor proteins and assembly of multimeric protein complexes critical
for DNA damage signaling and repair (114). Interestingly,
H2AX is modified constitutively at Tyr142 phosphorylation by a non-canonical tyrosine kinase, WSTF (WilliamBeuren Syndrome Transcription Factor) (Table 1 and Figure 2) (112). These pY142 H2A.X marks are progressively
erased following DNA damage and are suggested to be important to direct cells to choose repair or apoptosis (113–
115). Intriguingly, mutation in the Y142 sensitizes chicken
DT-40 cells to IR-induced DNA damage, suggesting that in
wild-type cells, Tyr142-phosphorylation co-ordinates with
increased Ser139-phosphorylation to facilitate DNA repair,
before its complete removal on the chromatin. MCPH1,
a tandem BRCT domain containing protein was found
to specifically interact with the diphosphorylated-H2A.X
(113–115). Paradoxically, a complete loss of both Ser139
and Tyr142 phosphorylations at the C-terminal tail of
H2A.X appears to alleviate the radiation sensitivity of the
Y142 mutant alone. The observation that another tandem
BRCT domain protein, 53BP1, previously shown to colocalize with ␥ H2A.X at damage sites, persisted at IRIFs in
the H2AX-Ser139/Tyr142 double mutants, suggested that
assembly at DNA ends may be compensated by BRCT domain containing proteins that are recruited through other
histone modifications at the DSBs. In one example, MMSET a histone methyltransferase was found to interact with
the BRCT domain of MDC1, an adaptor protein that binds
to phosphoS139-H2A.X. Subsequently, MMSET methylates H4K20 locally at DSB sites and this methylation is
critical to recruit 53BP1 (59). However, MDC1 recruitment
is dependent on H2AX S139 phosphorylation. Therefore,
identification of other histone modifications or chromatin
regulators that can recruit MDC1 in the absence of H2AX
phosphorylation would be the key to identify alternative
mode of assembly of checkpoint proteins and DNA repair
factors at DSB sites. Indeed, a recent report has identified
a role of H2A.X methylation at lysine 134 in regulating
␥ H2A.X levels in cancer cells, loss of which resulted in severe sensitivity to IR, and DSB inducing chemotherapeutic
agents, Cisplatin and Doxorubicin (116).
A chromatin interacting protein, localized to DNA lesions is the hPso4/Prp19, which was originally identified
for its ability to interact with the BRCT domain of the
template independent DNA polymerase, terminal deoxynucleotidyl transferase (TdT), but has subsequently been
shown to be phosphorylated by ATM following DNA damage (117,118). Importantly, it is upregulated in response to
high doses of radiation and its interaction with chromatin
is enhanced in the presence of DNA damage. Pso4 localizes with Nbs1 and Metnase at DSBs, and promotes DNA
end-joining following IR induced DNA damage (117,119).
Conversely, cells with loss of Pso4 protein display sensitivity
to DSB inducing agents (117,120). Whether Pso4 interacts
with the BRCT domain of MDC1 at DSB sites to promote
alternative NHEJ repair remains to be seen.

A role for the Src family of kinases, Src, Fyn, and Abl
kinases, in causing global nuclear structural changes by
altering chromatin has been uncovered by many groups.
These kinases regulate the interaction of Protein kinase A
anchoring protein 8 (AKAP8, also known as AKAP95)
with the chromatin and the nuclear matrix by modifying
it by tyrosine phosphorylation (121). AKAP8/AKAP95 is
a zinc finger containing protein with RNA binding activity (122) that interacts with the RII-alpha regulatory subunit of protein kinase A (PKA) and implicated in chromosome condensation during mitosis (123). Interestingly,
similar to ACK1, Src is also known to interact and modify AR to modulate expression of the AR target genes in
prostate cancer cell lines (124). Whether tyrosine phosphorylated Src can directly regulate DDR is not known, nor is it
clear whether it would modulate KDM3A or other related
chromatin modifiers, particularly under conditions where
ACK1 is inhibited. However, its ability to shuttle between
the cytosol and nucleus is suggestive of this possibility. Collectively, these studies collectively paint a picture of the involvement of NRTKs in direct interactions with DDR in
adverse treatment-rich environment to promote hormonally regulated cancers.
Physiological and clinical relevance of DDR and TK
crosstalk
The physiological significance of tyrosine kinase interaction
with DDR pathways is still fairly underexplored. Mice with
genetic deficiency in nuclear TK, WEE1 or in the DNA
repair proteins, Rad51 and PSO4/PRP19 are embryonic
lethal, suggesting that some of these interactions are essential for early development (125–128). Despite the inherent
genome instability within cancer cells, oncogenic tyrosine
kinases employ the DNA damage response (DDR) pathways to bypass checkpoints in conjunction with activating
other survival pathways promoting tumor growth. Crosscancer alteration analysis for Abl-1, EGFR, Fyn, LCK, Src,
ACK1 (TNK2) tyrosine kinases reveal that these genes are
frequently altered in cancers, e.g. EGFR and TNK2 are
recurrently amplified and mutually exclusive in a majority
of the cancer cases (Table 2). This table not only details
the alteration in those tyrosine kinases that are involved in
DDR, but also shows that many of the tyrosine kinase inhibitors or TKIs have been employed in clinical setting as
cancer drugs. Not surprisingly, TKIs have emerged as one
of the most common therapeutic strategy for the treatment
of a variety of cancers, either alone (1–4) or in combination with radiotherapy (23). Consistently, EGFR activation
is associated with tumor radioresistance and poor prognosis in GBMs and lung cancers (35,37,41). Conversely, blockade of EGFR/AKT/ERK signaling with small molecule inhibitors compromised DSB repair by blocking NHEJ and
HRR. Certain cancers associated with activating mutations
of EGFR also appear to influence phosphorylation and expression of members of DDR response pathways, including
phospho-DNAPK, ATM, and RAD51 foci, suggesting that
both HRR and NHEJ pathways may have roles in conferring radioresistance.
Frequently considered are the TKIs, gefitinib, lapatinib
and erlotinib to block EGFR, as activation of this tyro-
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sine kinase was found to correlate with radioresistance and
survival. Gefitinib and lapatinib have been reported to inhibit DNA DSB repair in HER2 amplified breast cancer
cell lines (129). High expression of RTKs, e.g. EGFR expression could lead to a higher degree of radiosensitization with erlotinib when combined with radiation (130).
Further, EGFR inhibitors or blockade of the EGFR protein with selective monoclonal antibodies sensitized cancer
cells to radiation therapy by blocking the repair of damaged DNA (39) and improved clinical outcomes in a subset
of patients with head and neck squamous cell carcinoma
(131). The molecular mechanisms underlying radiosensitization of cancer cells following EGFR inhibition is not
completely clear, as it varies with the tissue of origin. Multiple mechanisms have been explored, for example, it has
been shown that the radiosensitization by lapatinib is primarily mediated through inhibition of RAF/MEK/ERK
pathway and combinatorial approach that also includes inhibitors of this pathway could provide superior strategy for
radiosensitization in HER2-positive breast cancers (132).
Other mechanisms included inhibition of EGFR nuclear
transport to prevent interaction with DNAPK and inhibition of the PI3K-AKT pathway (133,134). However, not all
combinatorial approaches lead to successes. Cetuximab is
often combined with radiotherapy in advanced squamous
cell carcinoma of the head and neck (SCCHN), but the inhibition of Src kinase by Dasatinib did not improve the efficacy of Cetuximab combined with radiotherapy (135).
BCR-ABL oncogenic fusion tyrosine kinase, mutated in
100% of CMLs and a subset of ALLs was also found to have
a differential effect on the repair of DNA damage caused by
various genotoxic agents. It increased the efficiency of repair in response to DNA strand breaks in BaF3 lymphoid
cells, e.g. Idarubicin induced DSBs were efficiently repaired
in BCR-ABL-positive cells suggesting involvement of this
mutant kinase in their resistance to Idarubicin (136). However, BCR-ABL expressing CMLs develop resistance to the
selective inhibitors such as Imatinib and may rely on the
alt-NHEJ pathway for repair. Consistently targeting Parp1
a member of alt-NHEJ with selective inhibitors sensitized
TKI resistant BCR-ABL CMLs (137). Additionally BCRABL, differentially affected nucleotide excision repair in response to UV-C induced DNA damage based on the source
of origin of the cell type, i.e. lymphoid vs myeloid (138).
While the p210-BCR-ABL suppressed nucleotide excision
repair (NER) in the BaF3 lymphoid background and correspondingly increased the mutation rates following UV-C
induced damage, it conferred resistance to UV radiation in
myeloid cells and primary bone marrow cells by increasing
the NER activity. The UV resistance could be overcome by
treatment with the selective TKI inhibitor, ST1571 (137).
These observations suggest that although the oncogenic kinases are the main drivers of malignancy, their outcomes on
DNA repair is influenced by additional factors.
TKIs have also been employed based on their ability to
differentially suppress either the homologous recombination or the non-homologous pathway of endjoining in specific cell types and thus shown to have a therapeutic benefit. Some cell lines that mimicked the invasive bladder tumors were observed to be defective in non-homologous endjoining (NHEJ). Mechanistically, Imatinib, a BCR-ABL in-

hibitor has an apparent inhibitory effect on the function of
the HR protein, RAD51 (139). These cell lines were treated
with a combination of radiotherapy and the small molecule
tyrosine kinase inhibitor imatinib, based on the premise that
inhibiting both HR and NHEJ is likely to induce toxicity. In
another study, Sorafenib, a potent inhibitor of Raf kinase
and VEGF receptor, significantly enhanced the antiproliferative effects of chemoradiation treatment by downregulating DNA repair proteins (ERCC-1 and XRCC-1) in a dosedependent manner (140).
Similar to many oncogenic TKs, ACK1 activation too is
linked to poor prognosis in a number of cancers (141) (Table 2). ACK1 tyrosine kinase not only interacts with AR
in prostate cancer (Table 1) (72), but has also been shown
to interact with estrogen receptor (ER) in breast cancer
cells (142). Significantly, ACK1 phosphorylated the ER coactivator, KDM3A, a H3K9 demethylase, at an evolutionary conserved tyrosine 1114 site in the presence of tamoxifen, an ER antagonist (Table 1). Not surprisingly, ACK1
activation resulted in a significant decrease in the deposition
of dimethyl H3K9 epigenetic marks, while its inhibition restored the repressive marks and caused transcriptional suppression of the ER-regulated genes such as the mammary
tumor oncogene, HOXA1. Although AR is known to interact with KDM3A (143,144), whether ACK1/AR signaling
utilizes KDM3A to erase the repressive H3K9 methylation
marks to activate ATM expression to promote radioresistance of castration resistant prostate cancer is unknown.
Glioblastomas (GBMs) are incurable malignancies and
highly resistant to radio- and chemotherapy. WEE1 and
JAK2 tyrosine kinases are either upregulated or highly active in GBMs and correlated with poor prognosis (94,145).
Radioresistance of GBMs is subjugated by treatment with
the WEE1 inhibitor, AZD1775 (146), or the Jak2 inhibitor,
AZD1480. AZD1775 is currently in clinical trials, primarily due to its ability to avert the G2/M checkpoint arrest
by abrogating Cdc2Y15 phosphorylation and induce mitotic catastrophe in irradiated cancer cells with defective
p53 (147) (Tables 1 and 2). Since these kinases have nonoverlapping roles in conferring radioresistance, it remains
to be seen whether combination of these two inhibitors can
lead to better therapeutic outcomes.
CONCLUSION
All the above examples, unique as they may be, illustrate the
critical contribution of tyrosine kinase family of proteins
in promoting DNA repair, cell cycle progression, apoptosis and maintenance of epigenetic states-processes that are
fundamental to cellular homeostasis. Recent studies unraveling the evolutionary dynamics of cancer metastasis using
androgen-deprived prostate cancer as a model however reinforce the requirement for a deeper understanding of the
mechanics of proteins and regulators critical for the maintenance of genome stability. Genes frequently perturbed in
the metastatic sub clones were those associated with the
DNA repair genes, including mutations in the hypermutator mismatch repair gene, MSH2, the DNA polymerase
polE and DNA repair gene polD1, the homologous recombination repair genes RAD52, BRCA2 and ATM, as well as
missense mutations in the tumor suppressor p53 (148). AR
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amplification was also frequently observed in metastatic
prostate cancer. AR promotes radioresistance of prostate
cancers using androgen dependent or androgen independent but TK dependent mechanisms (56,149). As summarized above, many of these gene products are modified by
oncogenic tyrosine kinases. Future studies exploring the
cross talk of tyrosine kinases and DDR pathways during the
evolutionary progression of aggressive cancers to therapy
resistance and metastasis should yield a better understanding of the precise role of founder mutations and secondary
mutations. Further, these studies will provide suitable rationale for designing novel targeted therapies.
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REVIEW

hPso4/hPrp19: a critical component of DNA repair and
DNA damage checkpoint complexes
K Mahajan

Genome integrity Is vital to cellular homeostasis and its forfeiture Is linked to deleterious consequences-cancer,
immunodeficiency, genetic disorders and premature aging. The human ubiquitin ligase Pso4/Prp19 has emerged as a critical
component of multiple DNA damage response (DDR) signaling networks. It not only senses DNA damage, binds double-stranded
DNA in a sequence-independent manner, facilitates processing of damaged DNA, promotes DNA end joining, regulates replication
protein A (RPA2) phosphorylation and ubiquitination at damaged DNA, but also regulates RNA splicing and mitotic spindle
formation in its integral capacity as a scaffold for a multimeric core complex. Accordingly, by virtue of its regulatory and structural
interactions with key proteins critical for genome integrity-DNA double-strand break (DSB) repair, DNA interstrand crosslink repair,
repair of stalled replication forks and DNA end joining-it fills a unique niche in restoring genomic integrity after multiple types of
DNA damage and thus has a vital role In maintaining chromatin integrity and cellular functions. These properties may underlie its
ability to thwart replicative senescence and, not surprisingly, have been linked to the self-renewal and colony-forming ability of
murine hematopoietic stem cells. This review highlights recent advances in hPso4 research that provides a fascinating glimpse into
the pleiotropic activities of a ubiquitously expressed multifunctional E3 ubiquitin ligase.

Oncogene advance online publication, 14 September 2015; dol:10.1038/onc.2015.321

INTRODUCTION
A hierarchy of molecular events is initiated following DNA damage
via the activation of the DNA damage response (DDR) networks
that expedite DNA repair, promote genetic integri~ ensure
genetic stability and avert replicative senescenceP· Failure
to restore genome integrity also potentiates pathological
outcomes-chromosomal translocations, fragmented chromosomes, missegregation of chromosomes and aneuploidy-and is
linked to hereditary disorders, cancer as well as premature
aging.3A Accordingly, genome integrity depends upon all aspects
of DNA metabolic activities-DNA replication, recombination,
chromosome segregation and epigenetic inheritance. Depending
on the type of DNA damage multiple protein networks
are activated and thus undertake critical roles as tumor
suppressors.5-7 Not surprisingly, factors important for maintaining
genomic integrity are evolutionarily conserved, retaining similar
functionality, catalytic activities and interacting partners at
89
damaged sites. • This highly orchestrated strategy developed by
unicellular to multicellular organisms is necessary to combat both
endogenous and exogenous agents targeting the integrity of the
genome (Figure 1). A number of the DNA double-strand break
(DSB) repair proteins, particularly members of the nonhomologous
end joining (NHEJ) pathway, have critical roles in V(D)J
recombination-a process employed to generate immunoglobulin and T cell receptor diversity during lymphocyte
development Hence, defects in these genes are also linked to
immunodeficiency.1o- 13
DNA damage can occur in all phases ofthe cell cycle: during G1
(pre-DNA synthesis), S {DNA synthesis), G2 (post-DNA synthesis/
pre-mitosis) and M (mitosis with chromosome segregation and

cytokinesis) phases. DNA damage can be inflicted by exogenous
agents such as ultraviolet radiation (UV), ionizing radiation (IR),
radiomimetic compounds, chemical carcinogens and endogenous
agents such as reactive oxygen species and endonucleases
(Figure 1). DNA damage can take the form of interstrand crosslinks
(ICL.s): single-strand breaks and DSBs. To all these insidious attacks,
the mammalian cells respond by activating the DNA damage
checkpoint pathways that initiate signaling cascades to rapidly
arrest the cells at a specific stage in the cell cycle as well as
recruiting damage-specific repair (homologous recombination,
NHEJ, Alt-NHEJ, ICL repair) complexes such as the NHEJ
throughout the cell cycle and homologous recombination during
14
the late S and G2 phases. Under these exigent circumstances,
multiprotein complexes coordinately act at the damage sites in a
well-orchestrated manner to restore genomic integrity. 15- 18
Defects in the DNA repair proteins and DDR pathways is also
linked to premature a.ain~, cancer predisposition and neurodegenerative disorders. - 2 Although it may appear that these
are disparate pathways, some proteins work across the defined
distinctions to facilitate DNA repair. hPso4/Prp19, the subject of
this article, is an example of a protein with pleiotropic activities in
DNA damage signaling, repair and replicative senescence.

Pso4 STRUCTURE-FUNCTION ANALYSIS
Genetic studies in the budding yeast Saccharomyces cerevisiae
have laid the foundation for a number of genes important for
preserving genome stability?2 - 24 The ScPS04 gene, first identified
as a psoralen-sensitive mutant 4 (pso4-1) for its inability to repair
photoactivated 8 methoxy psoralen-induced DNA ICLs, was found
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Figure 1. hPso41hPrp19, an Integral component of DDR machlnety and essential for genome Integrity. hPso4 operates across multiple DNA
damage response pathways by dynamically associating with various protein complexes. It Interacts with chromatin, recruits DNA repair
proteins following DNA damage and is essential for recognition, processing and repair of lesions caused by a variety of DNA-damaging

agents. The hPso4 cere ccmplex indudes CdCSL, Spf27 and Plrg1 and functions in the processing of the ICL.s. hPso4-Cdc5l complex may
stabilize the WRN hellcase at ICls via the lnterac:t.ion of CdcSL with WRN. hPso4/Prp19 also functions at stalled replication forks and Is required
to activate the ATR/Chkl-dependent replication stress checkpoint pathways. It colocalizes with proliferating cell nuclear antigen {PCNA},
interacts with the RPA and is required for replication fork stability or restart after hydroxyurea-induced DNA damage. hP.so4 is modified at
S149 by ATM kinase. Fonnatlon ofDSB Induced Nbs1 fod are Impaired In hPso4 defident cells. hPso4 maintains genome stability by regulating
homologous recombination. Human Pso4 was initially identified as a specific interactor of the BRO' (Breast Cancer Carboxy terminal, BRCA1)
domain of the template-independent DNA polymerase. TdT also interacts with DNAPK complex and catalyus random N nudeo1ide addition
during V(D)J recombination. Pso4 Is also required for Alt-NHEJ (alternative end Joining) or MMHEJ (micro homology-mediated end joining) In a
Ku-independent manner. hPso4 functions as a DNA binding partner for a transposase-llke protein called Metnase/SETMAR, may fadlltate
binding of this heteromeric complex to non-terminal inverted repeat (T1R) DNA sequences and is essential for the recruitment of Metnase to
DSB.s. Prp19/ P.so4 upregulatlon promotes cell cyde arrest by upregulatfng p21 levels.
to be essential In haploid cells and allelic to prp19, a gene essential
for mRNA splicing.25.M Its ortholog in humans, the PS04/PRP19F,
has been independently uncovered by different laboratories as a
constituent of the nuclear matrix (hNMP200),27 DNA repair protein
(hPso4},28 senescence-associated protein (senescence evasion
factor {SNEV)}2 ' and mRNA splicing apparatus (Prp19).30 Although
the human and yeast hPso4/Prp19 display only a 23% identity and
41% similarity in amino acid composition, remarkably, they
display a high degree of functional ccnservation and domain
archltecture.28..2' Pso4/Prp19 Is a 55-kDa protein (Figure 2) and Is
composed of an N-termlnal U box-a ubTqultln ligase domain with
E2 recruitment function that facilitates dlmerizatlon:n-33 and Is
essential for Its auto-ublqultlnatlon activity In vitro or when
overexpressed.»-35 Importantly, the l1SE mutation In the U box
of the yeast Prp19 disrupts U-box dlmerTzatlon and compromises
Oncogene (2015) 1-8

cell vlablllty.33 The central colled-<oll Prp19 homology region
mediates oligomerization {tetramer) of the protein.35 The carboxy
tenninus has a seven-bladed WD40 ~propeller type of leucinerich architectural repeats that form an asymmetrical barrel-shaped
structure that is important for substrate recognition and
reauitment.31 - 33..35- 37 Sequence analysis of the ScPso4JPrp19
revealed a myb-like DNA bindi~ domain at the C-terminus
(positions 457-465, WTI<DEESAL}, ccnsistent with its role as a
DNA binding protein.28 Recent studies aimed at understanding
the role of hPrp19/Pso4 In splicing provide a deeper understanding of how Its E3 ublqultin ligase activity embedded In the U
box,. coupled with Its scaffolding function via the WD4Q repeats,
regulates the assembly of multlproteln complexes.38 It Is an
essential member of a core complex of four proteins (Pso4/Prp19,
Cdc5, PLRG1 and BCAS2/SPF27) that are required before the
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hPso4 exerts a protective effect against DNA damage-induced
43
apoptosis. Indeed, the Scpso4/prp19 exhibits sensitivity to a
variety of genotoxic agents such as X-rays and photoactivated
8 methoxy psoralen. It appears to functionally participate with
either the members of the error prone translesion DNA repair
pathways or the homologous recombinational repair pathways to
repair the specific DNA damaJle and has therefore been assigned
to different epistasis groups. ABA9 Mammalian cells with loss of
PS04 expression by small interfering RNA interference displayed
exquisite sensitivity to DSB-forming agents such as IR and
etoposide, and the ICL-generating agent. mitomycin C, that could
be attributed to their inability to repair DSBs.28 At the molecular
28 7
level, hPso4 binds double-stranded DNA. .4 and its interaction
with chromatin is enhanced following mitomycin C-induced DNA
damage.43 In Pso4 knockdown cells theIR-induced Nbs1 foci was
impaired suggesting a poorly understood role for Pso4 in the
recruitment or stabilization of proteins involved in the early steps
of DNA damage signaling.47 Taken together, these data indicate
that PS04 is a part of the DDR machinery that is recruited
specifically to the sites of DNA damage.

hPso4 INTERACTION WITH DNA DAMAGE CHECKPOINT
KINASES
At the helm of the DNA damage response pathway are three
variant but related members of phosphotidylinositol 3-kinase
(PI3K) family that includes ATM (mutated in ataxia telangiectasia),
ATR (ATM and Rad3 related) and DNA-PK (DNA-dependent protein
kinase) that function as serine/threonine protein kinases.50 Of
these, the 370 kDa nuclear phosphoprotein ATM appears to be
pivotal for coordinating multifaceted cellular responses to DSBs.
Biallelic mutations in the ATM gene in human patients have
pleiotropic effects-impaired cell cycle checkpoint activation,
DNA repair defects, defective response to growth stimuli that are
discernible as radiation hypersensitivity and genome instability,
predisposition to lymphoid malignancies, abnormalities of neurological and vascular type, cerebellar degeneration, hypogonadism
and growth retardation.51 .s2 ATM is held as an inactive dimer in
undamaged cells, and even at a very low dose of y-radiation that
53
causes few DSBs, it undergoes rapid autoEhosphorylation and is
2 4
activated in a MRN-dependent manner. .s Intriguingly, ATM is
also activated following chromatin alterations or stress response in
the absence of DNA DSBs53 or oxidative response in an
MRN-independent manner or by the catalytic inhibition of
topoisomerase 11.52.55 Recent studies have uncovered some of
the key ATM substrates such as the tumor suppressor protein p53,
Nbs1, MDC1, BRCA1, FANCD2 and CHK2 that are essential for
the IR-induced cell cycle arrest at G1, S and G2/M stages of the
cell cycle.52
A newer and not so well-characterized substrate of ATM is the
human Pso4.28 ATM, DNA-PK and ATR are known to phosphorylate
their substrates on serine or threonine residues that precede
56
glutamate residues referred to as SQITQ motifs. Analysis of the
primary amino acid sequence of hPso4 reveal a stretch of amino
acids located between positions 144-150 (QAVPSSQPSWGAG)
and 367-373 (TGTMDSQIKIWDLK) that fit the consensus sequence.
The serine and glutamine at 149 and 150 are conserved in human,
rat and mouse, whereas serine and glutamine at 372 and 373 are
conserved in human, rat and Drosophila species. A third SQ motif,
270-276 (WFHPSQDLVFSASP), also appears to be conserved but
may not be a good fit for the consensus sequence. Indeed, hPso4
was found to be phosphorylated at 5149 in an ATM-dependent
manner in response to oxidative stress by hydrogen peroxide and
the DNA alkylating agent methyl methane sulfonate.4 The
serine149-phosphorylated hPso4 is predominantly localized in
the nucleus, partly protects the cells against apoptosis caused by
ICLs or DSB-inducing DNA damage agents and moderately
4
extends the lifespan of human umbilical cord endothelial cells.
Oncogene (2015) 1 - 8

The equivalent site in yeast Prp19/Pso4, 5141, was also uncovered
following a quantitative phosphoproteomic approach as a methyl
methane sulfonate-induced phosphorylation and a likely target of
the ATM/ATR orthologs in yeast. the Mec1/Tel DNA damage
checkpoint kinases.57 As the single-site phosphorylation mutant
shows only a partial loss of function, it would be interesting
to assess doubly mutated SQ sites (276 and 373) located in the
WD40 region of Pso4/SNEV to determine whether these
post-translational modifications stabilize the scaffolding or
protein-protein interactions of hPso4 with other proteins,
especially those of the DNA damage signaling pathways.
Moreover, hPso4 protein levels are built up as cells gradually
progress during the DSB repair and the kinetics of accumulation
varies depending on the nature of the genotoxic insult28.45
Increased Prp19/Pso4 expression is able to repress cell proliferation by upregulating p21/CIP1 expression and delay xenograft
growth of the lung adenocarcinoma cell line A549 suggestive of
its putative role as a tumor suppressor.s8 However, overexpression
of BCAS2/SPF27 a member of the Pso4-core complex has been
59
shown to negatively regulate the transcriptional activity of p53.
Whether overexpression of BCAS2 is altering the stoichiometry of
Pso4-core complex and affecting protein-protein interactions is
not known.
These studies suggest that Pso4 is likely to be involved in
different stages of repair and may be a recruiting platform for
exchange of protein complexes; that is, chec~int proteins and
DNA repair proteins to facilitate repair.4 ..2BAS-4 .fiO

hPso4 IN DNA REPLICATION STRESS RESPONSE
Stalling of replication forks activates the ATR/Chkl-dependent
replication stress checkpoint pathways.55 Prolonged stalling of
replication forks in cells in the S phase by genotoxic agents such
as hydroxy urea, cisplatin or mitomycin C can lead to replication
fork collapse, generate single-strand breaks and eventually DSBs
to cause genome instability.61 One of the first proteins that is
recruited is the RPA that binds the single-stranded DNA (ssDNA) at
the stalled replication forks. This RPA-ssDNA acts as a nucleation
point for the recruitment of the DDR checkpoint complex
including ATR and its obligate partner, ATRIP. Recently, it has
been demonstrated that hPso4/Prp19 colocalizes with goliferating cell nuclear antigen,49 interacts with the RPA62. and is
required for replication fork stability or restart after hydroxyureainduced DNA damage.49 It also functions as a component of the
damage-sensing complex by interacting with RPA in response to
camptothecin (CPT, a topoisomerase I inhibitor), and acts as a
sensor of the RPA-ssDNA complex in an ATR-dependent
63
manner. Although phosphorylation of RPA occurs following
resection of DSBs induced by CPT, whether ATR stabilizes hPso4RPA-ssDNA complex by phosphorylation of hPso4 at SQ motifs,
especially those in the WD40 domain essential for hPso4-RPA
interaction, is not known. Interestingly, a tyrosine residue (Y405)
located in the fifth blade of the WD40 domain appears to be
essential for interaction with RPA after CPT treatment of cells and
63
for recruitment after DNA damage.
hPso4/Prp19 in turn
modulates the activity of the DNA replication checkpoint protein
ATR in the ATR-ATRI P complex by facilitating autophosphorylation
of ATR at Thr1989 and recruitment of ATRIP and thereby
phosphorylation of its effectors such as RPA32 and Chk1 but not
62 63
Chk2 following DNA damage. • Although the U box of Pso4 with
the E3 ubiquitin ligase catalytic activity appeared to be
dispensable for interaction with RPA. it was required
to promote Chk1 and RPA32 phosphorylations and RPA
ubiquitylation. This interaction has been suggested to enhance
the recruitment of ATRIP to RPA-ssDNA complex in a DNA
damage-dependent manner.6 u 3 Indeed, the pso4-1 mutant
45
initially identified for psoralen sensitivity maps to the U box.
Consistent with a role for Pso4/Prp19 in RPNsingle-strand break
10 2015 Macmillan Publishers Limited
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llble 2. Mutations identified in the hPS04 gene in cancers (www.
cbioportal.org)
Sample ID

Cancer study

AA

Type

change

TCGA-CF-A1HR-Q1
TCGA-CU-A3YL-Q1
TCGA-BH-AODP-01
TCGA-BH-A 1F5-Q1
TCGA-BH-AOB6-Q1
TCGA-AC-A5EI-Q1
TCGA-BH-AODP-01
TCGA-FU-A3TX-Q1
TCGA-AA-A01 K-Q1
TCGA-AA-3864-01
TCGA-AA-3984-01
TCGA-76-4931-Q1
TCGA-HL-7533-01
TCGA-AK-3451-Ql
TCGA-B9-5 156-o1
H110451
LUAD-YINHD
LUAD-B02594
TCGA-73-4662-Q1
TCGA-64-1678-01
TCGA-56-5898-01
TCGA-18-5592-Q1
TCGA-22-4595-Q1
TCGA-09-205o-o1
PR-Q1-2492
TCGA-KC-A4BL-Q1
TCGA-G9-6329-Q1
TCGA-EE-A2GM-o6
TCGA-FS-A1ZK-o6
YURIF
YUOEDE
pfg043T
pfg062T
TCGA-BR-8363-Q1
TCGA-BR-8S91-Q1
TCGA-BR-4184-o1
TCGA-BR-8680-01
TCGA-BR-4184-o1
TCGA-B5-A11 Q-01
TCGA-AP-A059-01
TCGA-AP-A051-01
TCGA-01-A 103-Q1
TCGA-B5-AOUA-Q1
TCGA-B5-A11 E-o1
TCGA-01-A 15X-o1

Bladder (TCGA)
Bladder (TCGA)
Breast (TCGA)
Breast (TCGA)
Breast (TCGA)
Breast (TCGA)
Breast (TCGA)
Cervical (TCGA)
Colorectal (TCGA)
Colorectal (TCGA)
Colorectal (TCGA)
GBM (TCGA)
Head and neck (TCGA)
ccRCC (TCGA)
pRCC (TCGA)
Liver(AMO
Lung adeno (Broad)
Lung adeno (Broad)
Lung adeno (TCGA)
Lung adeno (TCGA)
Lung squ (TCGA)
Lung squ (TCGA)
Lung squ (TCGA)
Ovarian (TCGA)
Prostate (Broad/Cornell
2012)
Prostate (TCGA)
Prostate (TCGA)
Melanoma (TCGA)
Melanoma (TCGA)
Melanoma (Yale)
Melanoma (Yale)
Stomach (Pfizer UHK)
Stomach (Pfizer UHK)
Stomach (TCGA)
Stomach (TCGA)
Stomach (TCGA)
Stomach (TCGA)
Stomach (TCGA)
Uterine (TCGA)
Uterine (TCGA)
Uterine (TCGA)
Uterine (TCGA)
Uterine (TCGA)
Uterine (TCGA)
Uterine (TCGA)

E10K
D40G
T287P
V182G
E196Q
567L
T287P
E347D
L29V
A219V
V481M
5392L
A491V
5492L
W82L
T317A
F489L
0109"
G4760
T287P
F388L
E4ga
E473K
E197"
12685

Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Nonsense
Missense
Missense
Missense
Nonsense
Missense
Nonsense
Missense

5220G
G362"
58F
R190K
A296V
E31K
L363H
F427C
R100H
58fs
T354A
R422H
R128Q
A242V
Q94H
1290V
R382H
V2471
G368"
H263N

Missense
Nonsense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
FS del
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Nonsense
Missense

Abbreviations: A.A. amino acid; AMC, Asan Medical Center; ccRCC, clear cell
renal cell carcinoma; GBM, glioblastoma multiforme; Lung adeno, lung
adenocarcinoma; Lung squ, lung squamous cell carcinoma; pRCC, papillary
renal cell carclnoma; TCGA, The CCincer Genome Atlas. "Nonsense
mutation.

Conversely, Lin( − ) cells derived from heterozygous SNEV knockout mice formed fewer primary and secondary colonies following
stimulation with granulocyte-macrophage colony-stimulatin.a
factor, a defect that was rescued by ectopic SNEV expression.
These phenotypic outcomes could be perhaps attributed to cells
accumulating DNA damage in the form of unrepaired breaks and
broken chromosomes, eventually leading to genome instability.
The contribution of DDR to genome instability and aging has been
86
observed for other DNA repair factors. Consistently, a recent
study demonstrates that knockdown of BCAS2 destabilizes
Pso4/Prp19-BCAS2/Spf27 core complex in human cells.87 Mechanistically, this complex appears to regulate spindle assembly by
association with the spindle assembly factor in Xenopus egg
extracts to facilitate proper formation of mitotic spindles and
87
ensure proper metaphase alignment of the chromosomes.

PS04 IN CANCER
Human Pso4 mRNA expression is seen across several tissue
28
types. The gene is located on chromosome 11q 12.2 in humans.
Rare instances of mutations-truncating, missense and in-frame
mutations-have been identified to be dispersed throughout the
PS04 gene in several primary cancers and cancer-derived cell lines
(Table 2). Striking among these are the truncating mutations
leading to complete loss of function in lung squamous cell
carcinoma at the E49 residue in the U box. Q109 in the Prp19
homology region and two adjacent truncations, G362 in prostate
adenocarcinoma and G368 in endometrial carcinoma in the third
WD40 repeat.88.e9 In addition, cancer-specific mutations have
been observed within -70 amino acid U box of PS04, such as the
SBF, E1 OK and a D40G located next to a highly conserved proline
residue (P41) and R422H, an evolutionarily conserved residue in
32
the fifth blade of the WD40 repeat. .89 Deletions or mutations in
the U box have been found to affect the ubiquitination activity of
E3 ligases.90 The impact of cancer-specific mutations on the
function of PS04 will be critical to understand its pleiotropic roles
in maintaining genome stability and tumor suppressive activity.58
Mixed lineage leukemia dis~lays the MLL gene fused with an
91
eclectic mix of other genes.
Interestingly, chromosome 11
harbors both PS04/PRP19 and the MLL in humans. DSB-induced
recombination events appear to be frequent within chromosome
91
11, leading to inversions or deletions on 11 p or 11q (lnv, Del).
One such event that has been recently identified in a leukemia
patient is the fusion of MLL with PRP19. Whether this is a recurrent
pathological gene fusion event in multiple MLL patient samples
that generates a fusion protein that harbors the sequenceindependent DNA binding property of PS04 and activating methyl
transferase activity of MLL remains to be seen. Interestingly, this
MLL-PRP19 fusion translocation appears to be reminiscent of the
recently described Pso4/Metnase complex that couples the DNA
binding and methyl transferase activities in DSB repair.47

CONCLUSIONS
identified as SNEV that was downregulated in aged human
umbilical cord endothelial cells?9 Conversely, the replicative
potential was restored by overexpression of Pso4. Consistently,
84
genetic deletion of SNEV/PS04 in mice is embryonic lethal. Cells
derived from heterozygous mice display properties of reduced
population doublings and premature senescence. Its role in
promoting replicative capacity appears to be reflected more
profoundly in the self-renewal potential of hematopoietic stem
cells.85 Although SNEV mRNA expression was high in lineagedepleted Lin(− ) precursor cells of the bone marrow and in the
progenitor cell subset with highest colony-forming ability and
self-renewal capacity (Lin( − )/Sca-1(+), the differences were not as
85
pronounced after cells had progressed further in differentiation.
Oncogene (2015) 1 - 8

Genetic, biochemical and structural studies on Pso4/Prp19 have
yielded rich clues into how this ubiquitously expressed and
essential protein employs its enzymatic and oligomerization
capacity to participate as an integral component of complex
molecular machineries and simultaneously maintain a certain
degree of fluidity to fulfill its various roles. However, compared
with many other proteins implicated in the DDR pathways,
PS04/PRP1 9 has been fairly underexplored. It is still unclear how
the Pso4/Prp19 core complex is essential for maintaining levels of
the tumor suppressor BRCA 1.49 Moreover, its contribution to
antigen receptor diversity during V(D)J recombination, as a TdT
interacting partner, has remained elusive. Conditional knockout
mouse models of Pso4 or inducible CRISPR/Cas9-based gene
knockout studies in lymphocytes should allow us to address the
10 2015 Macmillan Publishers Limited
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requirement of PS04 as an essential gene in this important area.
Whether targeting this protein in cancer cells, particularly cancer
stem cells, can lead to an earlier onset of replicative senescence by
triggering genome instability remains to be seen. Thus, the
current knowledge of Pso4 provides a solid fundamental basis for
future studies on its role in chemoresistance, radioresistance and
genome instability of cancer stem cells.
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