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The serine/threonine kinase, CHK2 (checkpoint kinase 2), is a key mediator in DNA damage response and a
tumor suppressor, which is implicated in promoting cell cycle arrest, apoptosis and DNA repair. Accumulating
evidence suggests that these functions are primarily exerted through phosphorylation downstream factors such
as p53 and BRCA1. Recent studies have shown that ubiquitination is an important mode of regulation of CHK2.
However, it remains largely unclear whether deubiquitinases participate in regulation of CHK2. Here, we report

that a deubiquitinase, USP39, is a new regulator of CHK2. Mechanistically, USP39 deubiquitinates and stabilizes
CHK2, which in turn enhances CHK2 stability. Short hairpin RNA (shRNA) mediated knockdown of USP39 led to
deregulate CHK2, which resulted in compromising the DNA damage-induced G2/M checkpoint, decreasing
apoptosis, and conferring cancer cells resistance to chemotherapy drugs and radiation treatment. Collectively,
we identify USP39 as a novel regulator of CHK2 in the DNA damage response.

1. Introduction

The serine/threonine kinase CHK2 is a key mediator of DDR (DNA
damage response) and comprises of an N-terminal SQ/TQ cluster do-
main (SCD), central forkhead-associated (FHA) domain and C-terminal
serine/threonine kinase domain (KD) [1,2]. CHK2 functions as a crucial
module and participates in several cellular processes, including cell
cycle regulation, apoptosis and DNA damage response [3-5]. CHK2
inactivation, mutation or depletion is associated with diverse patho-
physiological states including tumorigenesis and chemo-resistance
[6-8]. As a serine/threonine kinase, CHK2 regulates these cellular
functions by phosphorylating multiple substrates. For instance, CHK2

phosphorylates p53 on Serine (Ser) 20, which leads to p53 stabilization
and activation, resulting in cell cycle arrest and cell apoptosis [4,9,10].
Moreover, CHK2 phosphorylates E2F1 on Ser364 and promyelocytic
leukemia protein (PML) on Serl17 to regulate apoptosis [11-13]. Ad-
ditionally, CHK2 phosphorylates CDC25A on Ser123, 127, and 292 and
CDC25C on Ser216 to promote cell cycle arrest [14-18]. Furthermore,
CHK2 regulates DNA repair by mediating phosphorylation of BRCA1
[19-21].

CHK2 activity is majorly regulated through posttranslational mod-
ification [22]. Following DNA damage, CHK2 is phosphorylated by
ATM at Thr68 site, which in turn induced CHK2 dimerization and au-
tophosphorylation at multiple S/T sites in its kinase domain [23-28].
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CHK2 autophosphorylation induces further conformational change and
disassociates the CHK2 dimer to fully active monomers. In addition,
DNA-PKcs phosphorylates and activates CHK2, and then prevents
spindle disruption [29,30]. Moreover, PLK3 phosphorylates CHK2 at
Ser62 and Ser73, which in turn promotes CHK2 fully activation by ATM
[31]. Beside the phosphorylation mediated CHK2 activation, recent
reports showed that ubiquitination also plays an important role in
regulation of CHK2. For example, the E3 ubiquitin ligase RNF8 and
PIRH2 have been demonstrated to regulate ubiquitination and de-
gradation of CHK2 [34,35]. Previous reports showed that upregulated
RNF8 correlated with EMT features, cancer chemo resistance and poor
patient survival in breast cancer though activating Twist by triggering
K63-linked ubiquitination of Twist [32]. PIRH2 is found to be upre-
gulated in multiple cancers, including lung, prostate, head and neck
cancers, and hepatocellular carcinoma [33]. In addition, hypoxia in-
duced SIAH2 mediated ubiquitination of CHK2 and promotes its de-
gradation and impacts its function in regulation of apoptosis and cell
cycle [37]. Previous studies showed that SIAH2 is markedly upregu-
lated in castration-resistant prostate cancer (CRPC) and promoting ex-
pression of select androgen receptor (AR) target genes implicated in
lipid metabolism, cell motility, and proliferation [36]. Taken together,
the ubiquitination modifications of CHK2 are well studied. However, it
remains largely unknown how deubiquitination process regulates CHK2
stabilization.

Here, We report that a deubiquitinase, ubiquitin Specific Peptidase
39 (USP39), regulates apopotosis and cell cycle checkpoint through
deubiquitinating and stablizing CHK2. USP39 is a deubiquitinase con-
taining the ubiquitin specific protease domain and the UBP-type zinc
finger domain [38]. We found that USP39 directly deubiquitinate and
stablize CHK2 both in vitro and in vivo. Furthermore, we demonstrate
that USP39 regulates G2/M checkpoint and cell apoptosis in response to
chemotherapy drugs treatment through CHK2. Knockdown of USP39
leads to a significant decrease in CHK2 protein level resulting in com-
promises G2/M checkpoint and apoptosis, thereby promoting cancer
cell resistance to chemotherapy drugs and radiation treatment. More-
over, low level of USP39 is observed in lung cancers, which is corre-
lated with the low level of CHK2 in these cancer samples, suggesting
that USP39-CHK2 may play a role in treatment of lung cancers.

2. Materials and methods
2.1. Reagents, plasmids, antibodies

Cisplatin, Cycloheximide (CHX), puromycin, IgG agarose, strepta-
vidin-linked agarose, anti-FLAG M2 agarose and anti-HA M2 agarose
were purchased from Sigma Aldrich. HA-FLAG-USP39 was purchased
from Addgene (Plasmid #22581) and subcloned into PLVX3 lentiviral
or pGEX-4T-2 vector (Clontech). USP39 C306A mutant was generated
by site-directed mutagenesis.

The anti-GAPDH was purchased from proteintech (60004-1-1g).
Anti-USP39 (ab131244) and anti-P53 (PAb 240) antibody were pur-
chased form Abcam. Anti-phospho-p53 (Ser20) (9287) was purchased
from CST (Cell signaling Technology). Anti-Chk2 (05-649) antibody
was purchased form Millipore. The Anti-B-actin (A1978), Anti-FLAG
(F1804) and anti-HA (F9658) antibodies were purchased from Sigma.

2.2. Cell culture and transfection

The human lung cancer cell lines A549, H460, H1299, H1650 and
lung normal cell lines IMR90 and HEK293T were purchased from
ATCC. Without specially mentioned, the above cells were cultured in
DMEM supplemented with 10% FBS. IMR90 was cultured in ATCC-
formulated EMEM with 10% FBS. Cells were transfected with plasmids
by using Mirus (Catalog No. MIR600PM). The medical genome facility
(MGF) of Mayo Clinical in Rochester, Minnesota confirmed the iden-
tities of all the cell lines.
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2.3. GST-pull down assay

Containing Flag-CHK2 protein whole cell lysate was prepared in
HEK239T cells. GST, GST fusion USP39 wild type, 1-219aa truncation
and 220-565aa truncation proteins were prepared in bacteria. GST fu-
sion proteins were bound to glutathione sepharose for 3h at 4°C.
Containing Flag-CHK2 protein whole cell lysate was incubated with
indicated GST fusion protein for 2h at 4 °C. After washing with NETN
for 5 times, the bound proteins were eluted and separated by SDS-PAGE
and immunoblotting with indicated antibodies.

2.4. Protein stability assay

To assess Chk2 protein turnover, Cells were treated with cyclohex-
imide (CHX) (0.1 mg/ml) and harvested at different time points.
Harvested cells were then lysed in NETN buffer and the lysate samples
were separated by SDS-PAGE and blotted with indicated antibodies.
Finally, we quantified of the proteins levels by ImageJ.

2.5. Colony formation assay

Cells (500-2000) were seeded in triplicate in each well of six-well
plates. For drug or radiation sensitivity assay, after 1 day, cells were
exposed to ionizing radiation or treated with cisplatin as indicated dose,
and left for 10-14 days at incubator to allow colony formation.

2.6. Examining apoptotic cells

Cells overexpressed constructs or stably transfected with lenti-
viruses as indicated were untreated or treated with cisplatin for 48 h
before harvested, washed twice using cold phosphate-buffered saline
(PBS), fixed at —20°C with cold 70% ethanol overnight and re-
suspended in PBS. The suspension was filtrated through a 400-mesh
membrane. The cells were stained with propidium iodide (BD, NO: 51-
66211E) or FITC Annexin V (BD, NO: 51-65874X) and analyzed using a
BD FACSCalibur™ Flow Cytometer with Kaluza Analysis software
(version 1.3; BD Biosciences). Experiments were repeated three times.

2.7. Tissue microarray

The tissue arrays of Lung cancer samples and adjacent normal tissue
samples were purchased from Alenabio (www.Alenabio.com)
(LC10013A and LC1503). Immunohistochemistry staining of USP39
(dilution 1:300), Chk2 (dilution 1:300) were carried out using IHC
Select HRP/DAB kit (Cat. DAB50, Millipore). The immunostaining was
blindly scored by pathologists. The statistical analysis of the IHC results
were performed as previously [39].

2.8. Survival analysis of cancer patients

Lung cancer patients’ data from TCGA (TCGA Research Network:
http://cancergenome.nih.gov/) was analyzed by Statistical Program for
Social Sciences 19.0 software (SPSS) software and generated Survival
curve.

2.9. Statistics

For apoptotic cell analysis, data is represented as the mean + S.E.M
of three independent experiments. Statistical analyses were performed
with the Student's t-test or X test. Statistical significance is represented
in figures by: *p < 0.05; **p < 0.01, ***p < 0.001.
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Fig. 1. USP39 regulates CHK2 protein level. (A) HEK293T Cells were transfected indicated deubiquitinases (DUBs). After 48 h, cells were lysed, and Western blot
was performed with the indicated antibodies. (B) A549 cells were transfected indicated dose of vector-expressing Flag-USP39. After 48 h, cells were lysed, and
Western blot was performed with the indicated antibodies. (C) Cells stably expressing control or USP39 shRNAs were harvested. Half of the cells were lysed, and
Western blot was performed with the indicated antibodies. Lower panel: The mRNAs were extracted from the rest of the cells and subjected to qPCR. Error bars
represent = S.E.M. from three independent experiments. ***p < 0.001. Statistic analyses were performed with the Student's t-test. (D) Cells stably expressing USP39
shRNAs were treated with vehicle or MG132 for 6 h, and then lysed. Western blot was performed with the indicated antibodies. (E) Cells stably expressing control or
two different USP39 shRNAs transfected with indicated constructs, after 48 h, were lysed and cell lysates were then blotted with the indicated antibodies. (F) Cells
stably expressing control shRNA, USP39 shRNA and USP39 shRNA together with shRNA-resistant USP39 were treated with cycloheximide (1.0 mg/ml), and har-
vested at the indicated times. The upper panels showed immunoblots of CHK2 and USP39. Lower panels: quantification of the CHK2 level relative to GAPDH.
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Fig. 2. USP39 interacts with CHK2. (A) USP39 interacts with CHK2 in cells. Cells were transfected with HA-USP39. HA-USP39 was purified on anti-HA-agarose,
and then coprecipitating endogenous CHK2 was detected by anti-CHK2 antibody. (B) Cells were transfected with Flag-CHK2. Flag-CHK2 was purified on anti-Flag-
agarose, and then coprecipitating endogenous USP39 was detected by anti-USP39 antibody. (C)(D) Endogenous USP39 coprecipitates with endogenous CHK2. Cells
lysates were subjected to immunoprecipitation with control IgG, (C) anti-CHK2, or anti-USP39 (D) antibody. The immunoprecipitates were then blotted with the
indicated antibodies. (E) HEK293T cells were transfected with Flag-CHK2, and then cell lysates were incubated with sepharose coupled with GST, GST-USP39, GST-
USP39-1, GST-USP39-2, after washing, proteins bound on sepharose were blotted with indicated antibodies. (F) HEK293T cells transfected with HA tagged WT,
deletion of FHA mutant or deletion of SCD mutant of CHK2 were lysed, and then cell lysates were subjected to immuoprecipitation with anti-HA-agarose. The
immunoprecipitates were then blotted with the indicated antibodies. (G). HEK293T cells transfected with Flag tagged CHK2 were untreated or treated with cisplatin
for 24 h, and then cell lysates were subjected to immuoprecipitation with anti-Flag-agarose. As indicated, one of samples was additionally treated with lambda
protein phosphatase (APP). The immunoprecipitates were then blotted with the indicated antibodies.

3. Results
3.1. USP39 upregulates CHK2 protein level

CHK2 is a key kinase and tumor suppressor that plays an important
role in multiple cellular processes such as cell cycle arrest, apoptosis
and DNA repair [1,40]. In human cells, following DNA damage, CHK2
is activated by phosphorylation via ATM on Thr68, which in turn ac-
tivates CHK2 and triggers CHK2 to phosphorylate multiple downstream
targets to induce different cellular responses including cell cycle arrest,
apoptosis or DNA damage repair [22]. Ubiquitination has been reported
to exert a key function in DNA damage signaling pathway [41-43].
Several studies have reported that ubiquitination mediates CHK2
turnover via ubiquitin-proteasome system, and regulates CHK2 function
[34,35,37,44,45]. However, how deubiquitinating process regulates
CHK2 is largely unknown. To identify potential DUBs that can deubi-
quitinate and stabilize CHK2, we overexpressed a panel of deubiquiti-
nases in HEK293T cells individually and examined the CHK2 protein
level. As shown in Fig. 1A, overexpression of ubiquitin-specific protease
USP39 could dramatically increase CHK2 protein level. To further
confirm the result, we expressed USP39 in a lung cancer cell line, A549,
in increasing dosage. As shown in Fig. 1B, overexpression of USP39
increased CHK2 protein level in a dose dependent manner. Further-
more, USP39 wild type (WT) and USP39 C306A (enzyme inactive
mutant) mutant were overexpressed in another lung cancer cell line
H1299. Only USP39 WT but not USP39 CA mutant dramatically in-
creased CHK2 level (Supplementary Fig. 1A). On the other hand, we
depleted USP39 using two different USP39-specific short hairpin RNAs
(shRNAs) in A549 cells and then detected CHK2 protein level. We found
that downregulation of USP39 decreased CHK2 protein level but not
CHK2 mRNA level (Fig. 1C). Moreover, we also examined the proteins
level of other upstream critical components of DDR, including ATM,
ATR and CHK1. However, loss of USP39 didn't affect the expression of
these proteins (Supplementary Figs. 1B and C). In addition, the decrease
in CHK2 protein level was rescued by treated with proteasome inhibitor
MG132 in A549 and H1299 cells (Fig. 1D and Supplementary Fig. 1D).
Moreover, CHK2 protein level could also be rescued by supplementing
shRNA-resistant USP39 WT but not the USP39 CA mutant in USP39
depleted cells (Figs. 1E and 6E and Supplementary Fig. 2I). To further
establish whether USP39 regulates CHK2 protein stability, we treated
cells with cycloheximide (CHX) and determined the half-life of CHK2.
As shown in Fig. 1F, CHK2 stability was dramatically decreased in
USP39 depleted cells. While, reconstitution of USP39 could rescue
CHK2 protein stability in USP39 depleted cells. Taken together, these
results suggest that USP39 regulates CHK2 protein level and stability in
a proteasome-dependent manner and USP39 is a potential DUB for
CHK2.

3.2. USP39 interacts with CHK2

To further demonstrate the mechanism by which USP39 regulates
CHK2 protein level, we tested whether the USP39 binds to CHK2. As
shown in Fig. 2A, immunoprecipitating HA-tagged USP39 in 293T cells
was able to pulldown CHK2. Reciprocally, we could also detect USP39
in Flag-CHK2 immunoprecipitating complex (Fig. 2B). Additionally,
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endogenous immunoprecipitation further confirmed that USP39 binds
to CHK2 (Fig. 2C and D). To further investigate the mechanism of
binding between USP39 and CHK2, purified GST or various GST USP39
fusion proteins were performed the GST-pull down assay. We found that
the N terminal of USP39 (1-219aa) was responsible for binding with
CHK2 (Fig. 2E). Additionally, CHK2 truncations constructs were em-
ployed to perform semi-endogenous immunoprecipitation. We found
the FHA domain of CHK2 was essential for it binding to USP39
(Fig. 2F). It has been well characterized that the FHA domain of CHK2 is
a phosphopeptide binding motif [46-48]. Hence, we next examined
whether the interaction of USP39 and CHK2 was mediated by DNA
damage. However, as shown in Fig. 2G, the binding between USP39 and
CHK2 did not increase following cisplatin treatment. In addition, the
binding of USP39 and CHK2 didn't change upon Lambda protein
phosphatase (APP) treatment (Fig. 2G), suggesting that the interaction
between USP39 and CHK2 is independence of DNA damage. Taken
together, our findings suggest that USP39 interacts with CHK2.

3.3. USP39 deubiquitinates and stabilizes CHK2

To further clarify the mechanism of USP39 mediated CHK2 stabi-
lization, we assessed whether USP39 deubiquitinated CHK2 in cells. As
shown in Fig. 3A and supplementary Fig. 1E, knockdown of USP39
resulted in a dramatic increase in CHK2 polyubiquitination in A549 and
H1299 cells. Conversely, overexpressing USP39 WT in A549 and
HEK293T cells resulted in a significant decrease in polyubiquitination
of CHK2, while overexpressing USP39 CA mutant failed to alter the
level of CHK2 polyubiquitination (Fig. 3B and Supplementary Fig. 1F).
To further investigate whether USP39 directly deubiquitinated CHK2,
bacterially purified GST-USP39 and ubiquitinated CHK2 proteins were
incubated together in a cell-free system. As shown in Fig. 3C, USP39
WT, but not the USP39 CA mutant, deubiquitinated CHK2 in vitro.
Taken together, these results indicated that USP39 could deubiquitinate
CHK2 both in vitro and in vivo.

3.4. Effect of USP39 on CHK2-mediated G2/M checkpoint and apoptosis

CHK2 is a key mediator for the regulation of cell apoptosis and DNA
repair in response to DNA damage [22]. Hence, it is possible that USP39
regulates these functions via deubiquitinating and stabilizing CHK2. To
test this hypothesis, cells with CHK2 knock down, USP39 knock down
or combined USP39 and CHK2 knock down were employed to detect
cell apoptosis and cell cycle checkpoint. As shown in Fig. 4A, depletion
of USP39 resulted in sharp reduction in the protein level of CHK2 and
phosphor-p53 (p53 phosphorylated at Ser20), which is phosphorylated
by CHK2 upon DNA damage. This suggests that depletion of USP39
blunts DNA damage response. Furthermore, depletion of USP39 led to
reduction in DNA damage induced PARP1 cleavage and BAX levels,
suggesting that USP39 might compromise DNA damage induced
apoptosis. To further confirm this result, we performed the flow cyto-
metry to detect cisplatin-induced apoptosis in cells. As showed in
Fig. 4B and C, overexpression of USP39 resulted in an increase in cis-
platin induced apoptosis. On the other hand, depletion of USP39 dra-
matically decreased cisplatin induced apoptosis. However, in CHK2
knockdown cells, depletion of USP39 didn't further decrease cisplatin
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Fig. 3. USP39 deubiquitinates CHK2. (A) USP39 deubiquitinates CHK2 in cells. Cells stably expressing control or USP39 shRNAs were transfected with His-Ub, and
then were treated with MG132 for 4 h before harvested. Covalently modified proteins purified on NiNTI-agarose under denatured conditions. Ubiquitinated CHK2
was detected by anti-CHK2 antibody. (B) Cells transfected with indicated constructs were treated with MG132 for 4 h before harvested. Covalently modified proteins
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Ubiquitinated CHK2 was incubated with purified GST fusion USP39WT or USP39CA in vitro and then blotted with indicated antibodies.

induced apoptosis (Figs. 4D and 6A). These results suggested USP39
regulates DNA damage mediated cell apoptosis through CHK2. We next
examined whether USP39 regulated G2/M checkpoint, which are
regulated by CHK2. As shown in Figs. 4E and 6E, depletion of USP39 in
A549 compromised G2/M checkpoint upon cisplatin treatment. Re-
constituting USP39 knockdown cells with USP39 WT but not the USP39
CA mutant rescued these phenotypes (Figs. 4E and 6E). In addition,
knockdown USP39 in depletion of CHK2 cells had no further effect on
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DNA damage-induced G2/M checkpoint (Figs. 4F and 6A). Taken to-
gether, USP39 regulates apoptosis and cell cycle checkpoint upon ir-
radiation or cisplatin induced DNA damage via CHK2.

3.5. USP39 is positively correlated to CHK2 in clinical lung cancer samples

CHK2 has been identified as a tumor suppressor, which is mutated
or depleted in various cancers, including breast, colon, bladder, ovary
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and prostate carcinomas, albeit at low frequencies [49-52]. Besides
mutated in cancer, low level of CHK2 was also observed in lung cancers,
which contributes to chemo-radiation resistance [53-55]. However, the
mechanism of downregulation of CHK2 in lung cancer is still unclear.
We are interested in investigate whether USP39 regulates CHK2 level in
lung cancers. We firstly examined the expression of USP39 and CHK2 in
multiple lung cancer cell lines. As shown in Fig. 5A, compared to
normal lung cell line, the expression of USP39 and CHK2 is lower in
lung cancer cell lines, especially in H460 and H1650 cells. Furthermore,
we tested USP39 and CHK2 expression in lung cancer samples. As
shown in Fig. 5B and C, USP39 and CHK2 expression were lower in lung
cancer tissue compared to normal tissue. Furthermore, the expression of
USP39 and CHK2 in Lung cancer tissue were positively correlative
(Fig. 5D). Since USP39-CHK2 axis regulates cell cycle checkpoint and
apoptosis, we next examined the expression of Ki67 and cleaved cas-
pase 3 in these cancer samples. As shown in Fig. 5E-F, the expression of
USP39 and Ki-67 were negatively correlative in Lung cancer samples,
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while the expression of USP39 and cleaved caspase 3 were positively
correlative in Lung cancer tissue (Fig. 5E and G). In addition, TCGA
data showed that patients with low expression of USP39 have poor
clinical outcomes (Fig. 5H).

3.6. USP39 regulates chemo-radiation resistance via CHK2

Previous studies have shown that loss of CHK2 resulted in radio-
chemo resistance [4,7,8,52,56-59]. Furthermore, our data shown
USP39-CHK2 axis playing an important role in regulation of apoptosis
and cell cycle checkpoint induced by DNA damage. Hence, we next
examined whether USP39-CHK2 axis affects lung cancer cells response
to chemotherapy and radiation. We depleted USP39 with shRNA in
A549 and H1299 cells and tested the chemo-radiation response with
cisplatin, etoposide and radiation. As shown in Fig. 6A-D and
Supplementary Figs. 2E-H, loss of USP39 resulted in conferring cells
resistance to cisplatin (Fig. 6B and Supplementary Fig. 2F), etoposide
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Fig. 5. USP39 expression is correlated with CHK2 in clinical lung cancer sample. (A) Cell lysates from lung cancer cell lines were blotted with USP39 and CHK2
antibodies. Lysates from normal lung cell line IMR-90 were used as a control. (B) Representative images of immunohistochemistry staining of USP39 and CHK2 in
normal and lung carcinoma. Scar bars, 50 pm (C) Quantification of USP39 and CHK2 protein levels in normal and lung carcinoma. Statistical analyses were per-
formed with Student's t-test. (D) Correlation study of USP39 and CHK2 in lung carcinoma. Statistical analyses were performed with X? test. R, pearson correlation
coefficient. (E) Representative images of immunohistochemistry staining of USP39, Ki-67 and cleaved caspase 3 in lung carcinoma. Scar bars, 50 pm. (F) Correlation
study of USP39 and Ki-67 in lung carcinoma. Statistical analyses were performed with X? test. R, pearson correlation coefficient. (G) Correlation study of USP39 and
cleaved caspase 3 in lung carcinoma. Statistical analyses were performed with X? test. R, pearson correlation coefficient. (H) Survival analysis of lung cancer patients
was performed by SPSS. Data from TCGA, patients were categorized into high and low expression of USP39.

(Fig. 6C and Supplementary Fig. 2G) and radiation (Fig. 6D and
Supplementary Fig. 2H). Reconstituting USP39 knockdown cells with
USP39-WT, but not the USP39-CA mutant, rescued these phenotypes
(Fig. 6E-H and Supplementary Figs. 2I-K). Furthermore, we

overexpressed USP39 in H460 cells (a cell line with lower expression of
USP39 (Fig. 5A)). The cells were subsequently treated with che-
motherapy drugs (cisplatin and etoposide) and radiation. As shown in
Supplementary Figs. 2A-D and Fig. 6I-L, overexpression of USP39



J. Wu, et al. Cancer Letters 449 (2019) 114-124

A E |
A549 A549 H460
CHK2sh - - + + USP39 - - WTCA CHK2 sh: -+ -t
USP39sh - + - + USP39sh - + - + Flag-USP39: - - + +
70—

IB:USP39 70— IB:USP39 70— IB:Flag
70—
70— — .
35_-IB:GADPH 35— IB:GAPDH 35 IB:GAPDH
B F J
A549 100 H460
1008 A549 _100 R
S ) S 80
Z 80 c %0 c
9 2 S o
© 60 g 60 -'8‘
©
€ a0} _ o %40 © 40} — Ctl
S | Zus 2 S | = cHK2shRNA
> |- 2 Ctrl > s
2 20 _._Léﬁ,':; 2:352A g 20| “-USP39 shRNA 2 20f —o— Ctrl + USP39 WT
5 | isree cnie e A v
0 0.5 1 2 0 0.5 1 2 0 1 2
Cisplatin (um) Cisplatin (um) Cisplatin (um)

(@)
(0]
P

—~100
100§ A549 S A549 ?100 H460
— e \
X c 80 <
< 50 S c %
5 k3] o
S 60 g 0 o 60
: = ;
© (=
€ 40f oy El % 20[-—=—ct
g pof = UsP39 shRNA g 20 TEL o e % yo] ~CHIK2ShRNA
Y = S
s Chk2 shRNA a TCUSPS9 ShRNA | 1spao wT z —o—Ctrl + USP39 WT
a USP39 + Chk2 shRNA o L=—USP39 ShRNA + USP39 CA 17 —w=CHK2 shRNA + USP39 WT
0 0125  0.25 0.5 0 0125  0.25 0.5 5 0.25 0.5
Etoposide (um) Etoposide (um) Etoposide (um)
D H A549 L H460
. A549
100 100 100
Q —_
< 80 - L
p X80 < 80
S < s
5 60 S 60 3 60
(] B
o Q ©
% 40 - Ctrl g 40 ~=Ctrl E 40 == Ctrl
2 0| “"USP39 shRNA = 20} ~USP39shRNA g === CHK2 shRNA
c =*=Chk2 shRNA > ~-USP39 shRNA + USP39 WT .= 20f == Ctrl + USP39 WT
3 USP39 + Chk2 shRNA S l_—USP39 shRNA + USP39 CA g —=—CHK2 shRNA + USP39 WT
0 . . \
0 1 2 4 @ 0 1 2 4 @0 2 4
IR (Gy) IR (Gy) IR (Gy)

Fig. 6. USP39 regulates chemo-radiation resistance via CHK2. (A) A549 Cells stably expressing indicated constructs were lysed. The expression of CHK2 was
analyzed by western blot. (B-D) cells from (A) were treated with (B) cisplatin, (C) etoposide or (D) radiation (IR). Cell survival was performed by colony formation.
(E) A549 Cells stably expressing control or USP39 shRNAs were transfected with indicated constructs. The expression of CHK2 was analyzed by western blot. (F-H)
cells from (E) were treated with (F) cisplatin, (G) etoposide or (H) radiation (IR). Cell survival was performed by colony formation. (I) H460 cells stably expressing
control or CHK2 shRNAs were transfected with indicated constructs. The expression of CHK2 was analyzed by western blot. (J-L) cells from (I) were treated with (J)
cisplatin, (K) etoposide or (L) radiation (IR). Cell survival was performed by colony formation. The data presented are mean = SD (n = 3).

sensitized cells to cisplatin (Supplementary Fig. 2B and Fig. 6J), eto- overexpression mediated chemo-radiation sensitivity was abolished in
poside (Supplementary Fig. 2C and Fig. 6K) and radiation depleted CHK2 cells (Fig. 6I-L). Taken together, our findings support an
(Supplementary Fig. 2D and Fig. 6L). However, the USP39 important role of USP39 in regulating the response of lung cancer cells
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to chemotherapy and radiation through CHK2.

In summary, we demonstrated that USP39 deubiquitinates and
stabilizes CHK2, which in turn regulates cell cycle checkpoint, cell
apoptosis and chemo-radiation response. Furthermore, USP39 and
CHK2 are correlatively downregulated in lung cancer, suggesting a
potential prognostic role of USP39 in lung cancer.

4. Discussion

CHK2 is a core player in DNA damage response involved in reg-
ulation of cell cycle checkpoint, apoptosis and cell proliferation [22]. It
is well studied that phosphorylation-dephosphorylation balance are
important for maintaining CHK2 activity in cells [2]. Following DNA
damage, CHK2 is phosphorylated, which in turn induces its con-
formation change and fully activation. On the other hand, CHK2 is
maintained in a dephosphorylation and inactive status by phosphatases
PP1, PP2A and WIP1 in the absence of DNA damage. Recent studies
suggested that ubiquitination also play an important role in regulation
of CHK2 protein level and functions [34,35,37,44,45]. Multiple E3 li-
gases were reported to regulate CHK2 protein turnover and activation.
For example, PIRH2 and SIAH2 ubiquitinate CHK2 and promote its
degradation and impact its function in the regulation of apoptosis and
cell cycle [34,37]. In addition, MDM2 and PCAF mediate CHK2 ubi-
quitination and degradation independently of their E3 ligase activities
[44]. Furthermore, Culinl promotes CHK2 ubiquitination in response to
DNA damage, which does not regulate CHK2 turnover, but instead
activates CHK2 [45]. All these studies demonstrate important roles of
ubiquitination in multiple layers regulation of CHK2. Previous studies
showed that knockdown of USP28 decreased CHK2 level in IR treated
cells [60]. However, it is difficult to clarify USP28 as a bona fide DUB of
CHKZ2, since no direct evidence showed that USP28 deubiquitinated
CHK2 in the previous publication [60]. Taken together, the process of
deubiquitination of CHK2 remains unclear. Here we identified USP39
function as a bona fide DUB of CHK2, which in turn stabilized CHK2
and regulated CHK2 mediated apoptosis and cell cycle checkpoint.
Knockdown of USP39 compromised G2/M checkpoint, thereby de-
creasing apoptosis in response to chemotherapy.

Several papers indicated that CHK2 plays a critical role in main-
tenance G2/M arrest and facilitates apoptosis in response to radiation
or chemotherapy drugs treatment [4,7,57]. Loss of CHK2 compromised
G2/M checkpoint and apoptosis, which in turn rendered chemo-radia-
tion resistance. Thus, we also examined the roles of USP39-CHK2 axis in
chemo-radiation response. In line with previous reports, we found de-
pletion of USP39 led to CHK2 degradation, in turn rendered lung cancer
cells resistance to chemotherapy and radiation treatment. However,
knockdown of USP39 in depleted CHK2 cells had no further effects on
radio-chemo response. In addition, overexpression of USP39 WT but
not that of USP39 CA mutant sensitized cells to chemo-radiation
treatment. These findings indicated that USP39 regulated chemo-ra-
diation response through deubiquitinating CHK2.

Previous studies show that CHK2 is downregulated in lung cancers
which led to chemoresistance [53,54]. However, the mechanism is still
unclear. We propose that downregulation of USP39 might be a me-
chanism for CHK2 downregulation in cancer. In this study, we de-
monstrated that USP39 and CHK2 levels are correlatively down-
regulated in lung cancer cell lines and cancer samples. In addition,
downregulation of USP39 facilitates lung cancer cell resistance to
chemotherapy and radiation treatment through CHK2. Hence, our
findings suggest that USP39-CHK2 axis may function as the potential
biomarker for predicting chemo-radiation response in lung cancer.
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