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Abstract

Loss of monoubiquitination of histone H2B (H2Bub1) was found to be associated with poor-
differentiation and enhanced malignancy of lung adenocarcinoma. This study, investigated the
association and impact of the ubiquitin specific peptidase 22 (USP22), an H2Bub1 deubiquitinase,
on stem cell-like characteristics and cisplatin resistance in cancer-initiating cells (CICs) from
primary lung adenocarcinoma. CICs were isolated, enriched, and characterized from patient-
derived cancer tissues using both in vitro tumorsphere formation and in vivo xenograft assays.
USP22 was determined to be predominantly expressed in CICs, a subpopulation of cells with high
expression of the stem cell biomarkers, CD133 and CD44. The expression of USP22 in CICs is
markedly reduced upon FBS/retinoic acid-induced differentiation. Moreover, knockdown of
USP22 significantly suppressed tumorsphere formation and xenograft growth in NOD-SCID
gamma (NSG) mice. Notably, USP22 and aldehyde dehydrogenase (ALDH) activity were elevated
in tumorsphere cells that survived cisplatin treatment, while knockdown of USP22 significantly
sensitizes tumorsphere cells to cisplatin. Interestingly, ALDH1A3, a predominant ALDH isozyme
implicated in enhancing cisplatin resistance in lung adenocarcinoma, is significantly down-
regulated upon knockdown of USP22 in tumorsphere cells. Furthermore, knockdown of
ALDH1AS3 significantly sensitizes tumorsphere cells to cisplatin. Combined, these data
demonstrate that USP22, predominantly expressed in CD133+ CICs, plays a critical role in
tumorigenicity and cisplatin resistance in lung adenocarcinoma.

Implications—Targeting USP22 represents a potential therapeutic approach to suppress CICs in
lung adenocarcinoma partially through down-regulation of ALDH1A3 expression.
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Introduction

Lung cancer is the most common cause of cancer death worldwide. Non-small cell lung
cancer (NSCLC) accounts for 85% of lung cancers and about 50% of NSCLC are lung
adenocarcinoma. Despite the advances in targeted therapies and most recently in
immunotherapy, the 5-year survival rates for NSCLC remains only 15% (1). Clearly, new
approaches are required to develop more effective therapies for this devastating disease.
Platinum chemotherapy remains the first-line of treatment for most patients diagnosed with
advanced NSCLC (2). Although most lung cancers are initially sensitive to chemotherapy,
drug resistance is inevitable. Understanding the mechanism by which chemotherapy
resistance occurs and developing drugs that decrease chemotherapy resistance has the
potential to have a major impact on improving survival and quality of life in lung cancer
patients.

H2B monoubiquitination (H2Bubl) levels are regulated by the reverse activities of
deubiquitylases including USP22 and the E3 ubiquitin ligase RNF20/40 (3-6). USP22 is the
most important and intensively studied deubiquitinase for H2Bub1 (7). H2Bubl signaling
pathway in particular has been implicated in regulating the differentiation of embryonic stem
cells (8). Our previous studies showed that H2Bub1 levels are depleted in cancer cells and
that manipulation of H2Bub1l affects sensitivity to chemotherapy in lung cancer cell lines
(9). In cancer, H2Bub1 appears to act as a tumor suppressor (7). H2Bubl is low or
undetectable in many cancers, including breast, colon and lung cancers, and markedly higher
in differentiated, normal tissue (10-13). A study by Glinsky et al identified an 11-gene
signature that distinguishes tumors with aggressive growth, metastasis, and therapy
resistance from less malignant tumors for diverse human cancers, and this signature included
USP22 (14). Accordingly, knockdown of USP22 suppresses cell proliferation in several
cancer cell lines (15). Conversely, overexpression of USP22 is detected in numerous cancers,
including lung cancer (16), and is related to poor survival in patients (12, 17). Together,
these studies suggest that USP22 may play a role in H2Bub1-mediated regulation of lung
adenocarcinoma proliferation, differentiation and therapy resistance, and might be a
candidate therapeutic target in cancer (15).

Cancer-initiating cells (CICs) are small subpopulations of cells found in cancers, including
lung cancers, possessing stem cell-like properties, i.e., the ability to self-renew and to
differentiate into heterogeneous cell populations (18, 19). Experimentally, CICs are defined
by their ability to initiate tumors after transplantation into immunodefficient mice with a
diabetes-susceptible Non-Obese Diabetic (NOD-SCID mice) (20, 21). A number of
additional assays have been described to characterize CICs, including aldehyde
dehydrogenase (ALDH) activity and sphere colony formation (tumorspheres) (22, 23).
Several surface markers have also been described to aid in the isolation of CIC with flow
cytometry, including CD133, CD44 and ALDH (24). However, no cell surface marker
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specifically isolates a phenotypically pure CIC population, though CD133 is most
commonly used. As a result, there is a lack of consensus on the most specific manner to
define CICs. Nevertheless, CICs are thought to play a critical role in the development of
chemotherapy/radiotherapy resistance (18-20, 25, 26), however how these are regulated
remains poorly understood.

ALDH1A3 is a member of ALDH superfamily of enzymes with the major function of
detoxification with the participation of NAD(P)+ (27-31). Studies show that the expression
of ALDH1AS3 has intimate correlation with tumorigenesis, metastatic abilities and
angiogenic activity of tumor (32-34), and ALDH activity was shown to promote therapy
resistance through several mechanisms (35, 36). Although the important role of H2Bub1l in
regulating growth and differentiation in embryonic stem cells is well described (17), little is
known about the roles of H2Bub1 and USP22 in the growth, response to therapy in CICs
derived from lung adenocarcinoma. In the study, we for the first time demonstrated that
knockdown of USP22 suppresses ALDH activity, and targeting USP22 may potentially
eliminate these CICs in lung adenocarcinoma through down-regulation of ALDH1A3
expression.

Material and Methods

ClICs isolation, sphere formation cell culture and in vitro differentiation

We isolated putative CICs from three cases of lung adenocarcinoma who underwent surgical
resection with curative intent without preoperative chemotherapy or radiation therapy at City
of Hope. The clinical characteristics of the three cases are as follow: the sample-1 was from
a patient with moderately differentiated adenocarcinoma with mutated p53 and KRAS at
stage Ib; the sample-2 was from a patient with moderately differentiated squamous cell lung
cancer with no molecular testing at stage Ib; the sample-3 was from a patient with poorly
differentiated squamous cell lung cancer with no molecular testing at stage la. The tissue
was cut into pieces and dissociated with 400 U/ml collagenase 1V (Gibco) (19, 37) in
DMEM/F12 medium (Gibco) in 37°C for 2 hours. After that we lysed red blood cells with
ACK lysis buffer (Gibco) in room temperature for 2 min and spin down the remaining cell
suspension. The cells (referred to in this study as Sample 1, Sample 2 and Sample 3) were
transferred into ultra-low-attachment 6-well plates (Corning) and cultured in complete
growth medium at 37°C in a humidified incubator. The complete growth medium consisted
of DMEM/F12 medium (Gibco) containing 2% B-27 supplement (Gibco), 25 ng/ml FGF
(Peprotech), 25 ng/ml EGF (Peprotech), 20 pg/ml insulin (Calbiochem), 2 pg/ml heparin
(EDQM), 100 U/mL penicillin (Gibco), and 100 mg/mL streptomycin (Gibco), which has
previously been reported to promote the growth of non-adherent cell spheres (18, 19, 38).
The cells were then transferred to 10 cm ultra-low-attachment dish (Corning) for further
expansion and experimentation.

For induced differentiation, cells were cultured in DMEM/F12 medium containing 10% FBS
and 50 nM retinoic acid (RA) for 5 days in regular cell culture dishes. This study was
reviewed and approved by the Institutional Review Board (IRB) 17196 of City of Hope
National Medical Center, and informed consent for the collection of tumor tissues for the
study were obtained from all patients.
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Fluorescence activated cell sorting (FACS), apoptosis detection and ALDH assay

Lung CICs were dissociated into single-cell suspensions by Accumax™ cell counting
solution (EMD Millipore) and stained with mouse anti-CD133-PE antibody (clone AC133,
Miltenyi Biotec) and mouse anti-CD44-FITC antibody (clone DB105, Miltenyi Biotec). The
cells were sorted by flow cytometry. Apoptosis was measured by flow cytometry analysis of
PE-labeled Annexin-V (BD Biosciences) and 7-AAD (BD Biosciences) co-staining,
according to the manufacturer’s protocol. ALDH assay was performed by flow cytometry
analysis with ALDEFLUOR™ Kit (STEMCELL), following the recommendation of the
manufacturer.

Lentivirus infection, siRNA transfection and cisplatin treatment

New generation lentivirus vectors own the ability to transduce a broad range of cell types
including cancer stem cells (39). A 3" Generation Packaging Mix and USP22-set SiRNA/
shRNA/RNAI Lentivector (Human) Cat No. i026814 (target sequences: A: 244 -
TTCGGCTGTTTCACAAAGAAGCATATTCA B: 830 -
ACTGCAAAGGTGATGACAATGGGAAGAAG were purchased from Applied Biological
Materials Inc. (Richmond, BC, Canada). Both shRNA were used to knock down USP22.
The USP22-shRNA-lentivirus and GFP-control-lentivirus were transfected into 293T cells
with Lipofectamine™ 3000 Reagent (Invitrogen) for packaging, and CICs were infected with
an MOI of 50 using polybrene (8 pug/ml). The infected cells were selected with 5 pg/ml
puromycin.

For knocking down ALDH1A3, ALDH1A3 siRNA (Cat No. sc-43611) was purchased from
Santa Cruz. It is a mixture of three sense/antisense products (A Sense: 5’-
CAGAGAGCUUAGUCAAAGALt-3’, Antisense: 5'-UCUUUGACUAAGCUCUCUGtt-3;
B Sense: 5'-GGAAAGUAGUGCUUAAGUULt-3", Antisense: 5'-
AACUUAAGCACUACUUUCCHt-3"; C Sense: 5'-CCUUGAUAGUGAUACGUUALt-3;
Antisense: 5 -UAACGUAUCACUAUCAAGGtt-3") applied to silence ALDH1A3
expression using the protocol of Lipofectamine® RNAIMAX reagent (Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA). USP22 knockdown/GFP-CTRL (control GFP-
specific ShRNA) cells and ALDH1A3 knockdown/control (control-siRNA) cells were
treated for 72 h with 1-8 pM cisplatin, when cell numbers were counted. Cisplatin-induced
apoptosis was measured as mentioned above.

Quantitative real-time reverse transcription-PCR (qRT-PCR)

Total RNAs extraction and cDNA were generated as we previously described (9). The
primer for USP22 used were (5"-CTGGACGTGCTCCACCGACA-3" (forward primer) and
5 -GTTGGCCTTCTTCCCATTGTCAT-3" (reverse primer), and for ALDH1A3 were 5’-
GAATGGCACGAATCCAAGAG-3" (forward primer) and 5-
CCTCTGGAAGGCAACCTGT-3’ (reverse primer). Other primer sequences are available
upon request. GAPDH gene was used as internal control for mRNA expression. Data were
presented as the relative quantity of targets, normalized with respect to internal control, or
relative to a calibrator control sample.
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Western blot analysis

Mouse monoclonal anti-H2Bub1 antibody clone 7B4 (MABE453,) was from EMD
Millipore (Merck, KGaA, Darmstadt, Germany). Rabbit anti-RNF20 antibody (#9425) was
purchased from Cell Signaling Technology (Beverly, CA, USA). Rabbit anti-USP22
antibody (ab195289) and anti-ALDH1AS3 antibody (ab129815) were purchased from Abcam
(Cambridge, MA, USA). Rabbit anti-CD133 antibody (18470-1-AP) was from Proteintech
(Rosemont, IL, USA). Mouse anti-CD133-pure antibody (clone AC133) was from Miltenyi
Biotec (Auburn, CA, USA).

For Western blot analysis, total cellular protein was extracted by SDS sample buffer 2X and
heated for 5 min at 95°C. The proteins were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (4%-12% SDS PAGE), transferred onto
polyvinylidenefluoride (PVVDF) membranes, blocked with 5% nonfat milk in PBST, and
blotted with the appropriate primary and secondary antibodies.

Tumorigenicity assay

In vivo tumorigenic potential was assessed by transplanting cells into NOD-SCID mice. To
assess the tumorigenic potential of different cell populations, 103 — 10 cells were suspended
in Matrigel (BD Biosciences) and injected subcutaneously into the right flank of four NOD-
SCID mice respectively. After 2 weeks of the injection, the tumor size was measured every 3
days. Mice were euthanized 45 days after cell injection. All mice in this study were in a
pathogen-free environment and fed ad lib. The use of animals was approved by the
IRB-17196 of City of Hope National Medical Center and all applicable institutional and
governmental regulations concerning the ethical use of animals were followed.

Statistical analysis

Results

In the study, 3 CICs were derived from 3 independent patients (Samples 1, 2 and 3). All
experiments were performed in duplicates or triplicates and repeated at least two times in
each experiment. Two group comparisons were analyzed for variation and significance using
a Student’s t test or Pearson 2 test. The half maximal inhibitory concentration (IC50) was
calculated by Probit Analysis. The value of P < 0.05 was considered significant.

USP22 is highly expressed in CD133+ and CD44+ cancer cells in tumorspheres from
primary lung adenocarcinoma tissues

We recently reported that decreased H2Bub1 was associated with poor differentiation of
lung adenocarcinoma (9). Herein, we further investigated the involvement of H2Bub1
deubiquitinase USP22 in CICs maintenance and drug resistance of lung adenocarcinoma. To
do so, we first isolated and enriched a cancer cell subpopulation with stem cell properties
from 3 primary lung adenocarcinoma tissues using serum-free tumorsphere culture
approach. Typical tumorspheres formed by cells isolated from these primary tissues are
shown in Figure 1A. To confirm that CICs with stem cell properties were enriched, we
analyzed the protein expression levels of CD133 (a widely accepted surface marker of
CICs), USP22, H2Bub1 and RNF20 in both tumorspheres and original lung cancer tissues
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by Western blot analysis. We observed that both CD133 and CD44 two putative lung CICs
marker were markedly elevated in tumorspheres compared to the original tissues (Figure
1B). We observed that the protein level of USP22 was also moderately elevated in
tumorsphere cells, while the levels of H2Bub1 and RNF20 proteins were significantly or
moderated decreased in tumorspheres compared with the original tissues (Figure 1B).
Together, the results suggest that H2Bubl signaling pathway may be involved in regulation
of CICs proliferation and maintenance.

To further characterize the expression of USP22 in lung adenocarcinoma CICs, we used
CD133 as a CICs surface marker to define and sort CD133+ cells from tumorspheres by
flow cytometry. Cells from tumorspheres were stained for CD133, and flow cytometric
analysis showed two distinct phenotypic subpopulations of CD133+ and CD133- in these
tumorspheres (Figure 1C). The percentage of CD133+ cells ranged from 26.10% to 29.60%
for the total population of the three tumorspheres (Samples 1, 2, and 3). To determine the
association of USP22, H2Bub1 and RNF20 protein expression with CICs, we measured the
expression level of these proteins in both CD133+ and CD133- cells. As shown in Figure
1D, compared with CD133- cells of three samples, USP22 and CD44 were markedly higher,
while H2Bub1 and RNF20 proteins were significantly decreased, or slightly lower, in the
CD133+ cells. CD44+ cells in tumorspheres were analyzed and enriched by flow cytometric
analysis, and the results showed that the percentage of CD44+ cells ranged from 17.9% to
44.6% for the total population of the three samples (Figure 1E). Western Blot analysis
showed the expression of USP22 and CD133 were significantly higher, while H2Bub1 and
RNF20 were markedly or moderately lower in the CD44+ cells (Figure 1F). To assess the
cancer stemness of the CD133+ cells sorted by FACS, 103 of CD133+ and CD133- cells
were transplanted into four NOD-SCID mice respectively. The results of /n vivo xenograft
transplantation experiments showed that CD133+ cells of all three samples could form
tumors, but CD133- cells could not (Figure 1G). The average weight of xenografts formed
by 103 CD133+ cells isolated from these three tumorsphere cells were 217.0 + 10.0 mg;
326.5 + 22.5 mg; and 346.0 + 19.0 mg, respectively; while none of CD133- cells isolated
from these cells formed detectable xenografts. The above results indicated that the CD133+
cells possessed cancer stem cell properties, as well as higher levels of USP22 protein.
Consistently, using immunofluorescent microscope analysis, we found that expression of
USP22 was dramatically higher in cells with high expression of CD133, while the
expression of H2Bub1 displayed an opposite trend of low expression (Figure S1). Therefore,
the data suggests that USP22 may be positively correlated with high expression of CD133
cells and potentially represent a cancer stem cell marker in lung adenocarcinoma.

USP22 down-regulation impairs the tumorigenecity of lung CICs

A previous study showed that the USP22-regulated H2Bub1 signaling pathway is required
for differentiation of normal multipotent stem cells (17). To test the involvement of USP22
in the differentiation of lung CICs, the tumorspheres were further cultured in complete
growth medium with 10% FBS and 50 nM RA to induce CICs differentiation. After
culturing for 5-7 days, we found that tumorspheres attached to the dish and their
morphology resembled adherent cells (Figure 2A, left panel). We analyzed the expression of
USP22, CD133, H2Bubl and RNF20 in lung CICs and differentiated cells. Western Blot
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analysis demonstrated that USP22 and CD133 expression were markedly decreased, after
cells were differentiated; consistently, H2Bub1 expression was significantly elevated, while
RNF20 expression was only mildly increased in differentiated cells compared with lung
CICs (Figure 2A, right panel).

To investigate the role of USP22 in stemness of lung CICs, we first generated lung CICs
with stable knock-down of USP22 using lentivirus expressing USP22-specific ShRNA
(USP22-KD). We first assessed the impact of knockdown of USP22 on /n vitro tumorsphere
formation. Tumorsphere formation assays showed a reduction in number and size of the
spheres that were formed by USP22-KD cells, which were seeded at the same initial number
and in the same duration of CICs infected by lentivirus expressing a control GFP-specific
shRNA (GFP-CTRL) (Figure 2B, middle and right panels). As shown in Figure 2B left
panel, compared to GFP-CTRL CICs, USP22 protein was markedly decreased in USP22-
KD cells, and concurrently, CD133 was highly downregulated and H2Bub1 was moderately
increased in all three cells. The knockdown of USP22 in CICs by USP22-shRNA B
lentivirus also upregulated ALDH1A3 and sensitized CISs to cisplatin. The results were
showed in Figure S2A.

Moreover, the impact of USP22 knockdown on the /n7 vivo tumorigenic potential of CICs
was further evaluated by injecting 103 and 10* USP22-KD cells or GFP-CTRL cells into
four NOD-SCID mice respectively. Consistent with the tumorsphere results, the results of
xenograft growth demonstrated that USP22-KD cells only formed visible xenografts when
seeded at 10* cells, while GFP-CTRL lung CICs could form tumors at 10 cells (Figure 2C).
The average weight of three samples were showed as follows:

103 cells: Sample 1gpp-cTrL: 135.0£14.0 mg; Sample 1ysp2o-kp: 0 mg; Sample
2Grp-cTRL: 93.5+6.5 mg; Sample 2yspoo-kp: 0 mg; Sample 3gep.cTrL: 99.5+£13.5
mg; while none of 103 USP22-KD cells formed detectable xenografts.

104 cells: Sample 1gpp.cTrL: 427.0£18.0 mg; Sample 1ysp2o-kp: 188.0+13.0 mg;
Sample 2grp.cTrL: 512.5+33.5 mg; Sample 2gp22-kp: 214.0+10.0 mg; Sample
3GFp-cTRL: 443.5£20.5 mg; Sample 3usp22-kp: 173.0£16.0 mg (P:0.0040<0.01).

The above data suggest that knockdown of USP22 significantly suppressed the stemness of
lung CICs.

USP22 down-regulation sensitizes tumorsphere cells to cisplatin

CICs are well-known for high resistance to treatment (17). Interestingly, we found that
USP22 and CD133 were dramatically upregulated, while H2Bub1 was highly downregulated
in tumorsphere cells that survived 1, 2, 4 and 6 uM cisplatin treatment (Figure 3A);
suggesting USP22 may contribute to resistance to cisplatin in lung CICs. We hypothesized
that knockdown of USP22 would sensitize CICs to cisplatin. We treated the GFP-CTRL and
USP22-KD tumorsphere cells in undifferentiating culture medium with 1.0-8.0 uM cisplatin
for 72 hours and measured cell viability using cell counting by trypan blue exclusion. The
results showed that 1C50 of cisplatin for all three USP22-KD cancer cells were significantly
decreased compared with GFP-CTRL control cancer cells (Figure 3B, 2.2 uM vs 6.1 uM for
sample 1, £=10.0078; 1.3 uM vs 5.3 uM for sample 2, P=0.0005; 1.8 pM vs 7.1 uM for

Mol Cancer Res. Author manuscript; available in PMC 2019 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yun et al.

Page 8

sample 3, £=0.0004). The same results were also found in CICs transfected with shRNA B
lentivirus to knock down USP22 (Figure S2B). Consistently, apoptosis induced by 3.0 uM
cisplatin for 72 h was also significantly increased in all USP22-KD cancer cells (Figure 3C).
The above data strongly suggest that USP22 plays an important role in sensitivity of lung
adenocarcinoma CICs to cisplatin.

ALDH1A3 is a downstream molecule of USP22 in lung adenocarcinoma tumorsphere cells

By using RNAseq analysis and quantitative PCR, we identified that knockdown of USP22 in
Ab49, H1299, and H838 lung cancer cells significantly modified these genes involved in cell
cycle, angiogenesis, epithelial mesenchymal transition, Myc, and K-Ras signaling pathways
(40). Representative genes were shown in Figure S3; Interestingly, we found that USP22
knockdown ubiquitously down-regulated ALDH1A3 mRNA expression in these cells,
indicating ALDH1A3 may be modified by USP22 at transcription level in an unidentified
way. To further explore the correlation between USP22 with ALDH1A3 mRNA expression
levels, we downloaded global gene expression RNAseq data from the cancer genome atlas
(TCGA) gene expression data portal. Interestingly, the correlation analysis showed that
USP22 mRNA level slightly trends to be positively correlated with ALDH1A3 mRNA level
in a total of 592 lung adenocarcinoma samples, (Figure S4, 2= 5.9e-09, R?= 0.155), while
no correlation between CD133 and ALDH1A3 mRNA levels was observed in these samples
(Figure S5, P=3.5e-04, R? = 0.02). Consideration of the high degree of heterogeneity of
samples and cells in tissues, as well as RNAseq data quality, we consider the correlation is
still clinically meaningful. More importantly, herein, we found that USP22 knockdown
markedly downregulated mRNA (Figure 4A, left panel) and protein levels of ALDH1A3
(Figure 4A, right panel) in the lung cancer cell line A549. Consistently, in the study, we also
found that ALDH1A3 was observably elevated in CD133+ cells (Figure 4B), while its
mMRNA level (Figure 4D, left panel) and protein level (Figure 4C, right panel) significantly
decreased in USP22-KD lung tumorsphere cells.

ALDH1AZ3 is associated with resistance to cisplatin in lung adenocarcinoma tumorsphere

cells

We found that the expression of ALDH1A3 was significantly increased in tumorsphere cells
survived 1, 2, 4 and 6 PM cisplatin treatment (CICs surviving a 72h cisplatin course)
compared with untreated cancer cells (Figure 5A). ALDH activity analyzed by flow
cytometric ALDH assay (Figure 5B) was also markedly increased in tumorsphere cells
survived a 72h 5 pM cisplatin treatment compared with untreated cancer cells. It reported
that ALDH positive cells isolated from lung cancer cells lines demonstrated a high
resistance to cisplatin and gemcitabine, when compared to ALDH- cells (41). Therefore, we
further determined the impact of ALDH1A3 knockdown on the three lung CICs sensitivity
to cisplatin. ALDH1AS3 protein was depleted in CICs by transfecting them with ALDH1A3-
specific sSIRNA (ALDH1A3-KD). As shown in Figure 5C, Western blot analysis revealed
that ALDH1A3 was significantly decreased; CD133 was slightly reduced, while USP22 was
unchanged in ALDH1A3-KD compared to GFP-CTRL cells (Figure 5C). We treated the
control sSiRNA/ALDH1A3-KD lung CICs with 1.0-8.0 uM cisplatin for 72 hours. The
results demonstrated that the 1C50 was significantly decreased in ALDH1A3-KD cells
compared with control cells (Figure 5D, 1.9 uM vs 6.9 uM for sample 1, P = 0.0094; 1.6 uM
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vs 6.3 uM for sample 2, P = 0.0046; 2.2 uM vs 7.3 pM, P = 0.0113 for sample 3).
Consistently, apoptosis induced by 6.0 UM cisplatin for 72 h was significantly increased
upon knockdown of ALDH1A3 in these CICs (Figure 5E). Therefore, ALDH1A3 may be a
downstream target of USP22, and be associated with USP22-mediated resistance to cisplatin
in lung adenocarcinoma CICs.
Discussion

Our results show that CD133+ cells have higher expression of USP22 than CD133- cells.
USP22 levels are increased with cisplatin treatment, however when cells are grown under
differentiating conditions, there is a significant decrease in USP22 protein levels.
Accompanied by downregulation of USP22, the stem cells surface markers, CD133 and
ALDH1AS3, are also downregulated. Importantly, downregulation of USP22 significantly
impaired tumorigenicity and cisplatin resistance of lung CICs. These results suggest that
USP22 may be a key regulator of stemness of lung CICs.

CICs are quiescent cells that are resistant to chemotherapy compared with more
differentiated cancer cells(25, 26, 42). CICs are thought to be responsible for disease
recurrence and progression. The importance of CICs in cancer progression, metastasis and
chemoresistance is being gradually understood. CICs are a highly attractive target for the
development of new lung cancer treatment strategies. Currently, there is a lack of consensus
on the most specific manner to define CICs, and no cell surface marker specifically isolates a
phenotypically pure CIC population. Although several surface markers have been described
to aid in the isolation of CIC with flow cytometry, CD133 being the most commonly used,
CICs still need to be defined by their ability to initiate tumors after transplantation into
NOD-SCID mice (43, 44). In our study, CD133 was used as stem cell-like cell biomarker,
and using tumorspheres formation and /n vivo transplantation assays, we confirmed that
CD133* or CD133Mi9" cancer cells own stem cell-like characteristics. Furthermore, we
found that USP22 is predominantly highly expressed in CD133* cancer cells, while H2Bub1
is depleted in CD133* cancer cells. Consistently, we previously showed that H2Bub1 levels
are depleted in cancer cells and that manipulation of H2Bub1 affects sensitivity to
chemotherapy in lung cancer cell lines (9). When H2Bubl is lost, cancer cells proliferate
more readily, and de-differentiation of normal epithelial cells may occur (9). A number of
studies suggest that elevation of USP22 was involved in tumor progression and highly
malignant clinico-biological features, correlates with therapy resistance and poor prognosis
(14, 17, 36). In view of the correlation between USP22 and stem cell-like features in a
variety of cancers, it is conceivable that high expression of USP22 could decrease H2Bub1
levels, negatively regulating the differentiation of human lung CICs and maintaining
stemness, thereby promoting tumorigenesis and drug resistance.

ALDH1AS3 activity is important for the stem-cell characteristics of CICs, such as sphere
formation, tumorigenesis abilities and chemotherapy resistance (32, 34, 45). In the current
study, by using RNAseq and gene set enrichment analysis, we surprisingly found silencing
of USP22 had no significant effect on c-Myc pathway and global c-Myc levels, a well-
known downstream molecule of USP22(10, 46), while ubiquitously down-regulated
ALDH1A3 mRNA expression in several lung cancer cell lines, indicating ALDH1A3 may
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be transcriptionally regulated by USP22. A previous study showed that ALDH1AS3 is the
predominant ALDH isozyme responsible for ALDH1 activity and tumorigenicity in most
NSCLCs; and that inhibiting ALDH1A3 may eliminate the ALDH* subpopulation in
NSCLCs (41). Interestingly, in current study, we observed that ALDH activity and
ALDH1A3 was markedly elevated CD133+ cells and tumorsphere cells that survived
cisplatin treatment. This may indicate that USP22 regulates ALDH activity through
transcriptionally regulates ALDH1AZ3 levels. Consistently, a recent study also showed that
targeting ALDH1 significantly re-sensitized resistant lung cancer cells to the cytotoxic
effects of cisplatin (47). It is possible that CICs may escape cisplatin-mediated cytotoxicity
by increasing ALDH activity. Alternatively, it is possible that only the CICs with high
ALDH1AS3 expression and consequently high ALDH activity can survive in the presence of
cisplatin. Questions about how USP22 transcriptionally regulates ALDH1A3 and how much
ALDH1AS3 contributes to USP22-mediated drug resistance are remained unclear. We plan to
further investigate the apparent interaction between USP22 and ALDH1A3 expression. We
consider knockdown of USP22 may increase global H2Bub1, alter H3K4 and H3K79
methylation to affect chromatin structure change, and then to modulate gene expression in a
context specific manner. It is meaningful to develop approaches to suppress USP22 to treat.
Nevertheless, we demonstrated that lung CICs were significantly sensitized to cisplatin by
knockdown of USP22; indicating USP22 may represent a potential therapeutic target to
eliminate CICs in lung adenocarcinoma through down-regulation of ALDH1A3 expression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Elevated USP22 protein in CD133+ cancer cellstumorspheresderived from primary
lung adenocar cinoma tissues

A. Images of tumorspheres from 3 lung adenocarcinoma tissues (Samples 1, 2, and 3). B.
Western Blot analysis of CD133 (as a surface biomarker of CICs), CD44 (as another surface
biomarker of CICs), USP22, RNF20, and H2Bub1, shows enriched USP22 protein in
tumorspheres compared to original cancer tissues. C. Flow cytometry analysis of CD133
expression demonstrates a strong CD133 expression in about 30% of tumorsphere cells. D.
Western Blot analysis demonstrates USP22 is markedly elevated, while H2Bub1 were
significantly deceased in CD133+ cancer cells compared to CD133- cells sorted from
tumorspheres. E. Flow cytometry analysis of CD44 expression demonstrates a strong CD44
expression in about 12% to 44% of tumorsphere cells. F. Western Blot analysis demonstrates
USP22 and CD133 are markedly elevated, while H2Bub1 and RNF20 were markedly or
moderately deceased in CD44+ cancer cells compared to CD44~- cells sorted from
tumorspheres. G. Mouse xenografts generated by both CD133- and CD133+ cancer cells
isolated from tumorspheres, indicating CD133+ cells may represent CICs with stem cell
characteristics in tumorspheres.
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Figure 2. Impact of USP22 knockdown on tumor sphere formation
A. Morphology changes of tumorspheres in differentiating culture medium (left panel);

Western Blot analysis of USP22, CD133, RNF20 and H2Bub1 in tumorspheres in
differentiating conditions (right panel). B. Western Blot analysis of USP22, CD133 and
H2Bubl in GFP-CTRL and USP22-KD cells (left panel); Quantitative analysis of
tumorsphere formation upon USP22 knockdown, GFP-CTRL for cells transfected with
control shRNA, USP22-KD for specific ShRNA targeting USP22 (**P < 0.01, compared
with Control, middle panel) and Tumorspheres (right panel). C. /n vivotumorigenesis of
GFP-CTRL and USP22-KD tumorsphere cells, demonstrating USP22 knockdown
suppressed both tumorsphere formation and tumorigenesis of lung adenocarcinoma CICs.
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Figure 3. Impact of USP22 knockdown on sensitivity of tumor spheresto cisplatin treatment
A. Western Blot analysis of USP22, CD133 and H2Bubl in the parental tumorsphere cells

and tumorsphere cells that survived a 72h of 1, 2, 4 and 6 UM cisplatin treatment, indicating
survived tumorsphere cells have elevated USP22 protein with the increase of cisplatin
concentration. B. Cytotoxic effects of cisplatin in GFP-CTRL and USP22-KD cells. C. Flow
cytometry analysis of apoptosis (upper panel) and quantitative analysis of induced apoptosis
(lower panel) in GFP-CTRL and USP22-KD cells cisplatin treatment (**P < 0.01, compared
with control), demonstrating USP22 knockdown significantly sensitized CICs to cisplatin.
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Figure 4. Decreased expression of ALDH1A3 in USP22 knockdown tumor sphere cells
A. Quantitative reverse transcription PCR (qRT-PCR) and Western Blot analysis show both

MRNA and protein of ALDH1A3 were downregulated in lung cancer cell line A549 upon
USP22 knockdown. B. Western Blot analysis of co-expression of ALDH1A3 and USP22 in
CD133+/CD133- cancer cells. C. Western Blot analysis of co-expression of ALDH1A3 and
USP22 in CD44+/CD44~ cancer cells. D. gRT-PCR and Western Blot analysis show both
MRNA and protein of ALDH1A3 were decreased in USP22-KD tumorspheres cells,
indicating USP22 might also modulate ALDH1A3 in tumorsphere cells.
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Figure5. Contribution of ALDH1A3 to sensitivity of tumorspheresto cisplatin
A. Western Blot analysis of ALDH1A3 protein in survival tumorsphere cells after 1, 2, 4 and

6 UM cisplatin treatment and B. Flow cytometric analysis of ALDH activity in survival
tumorsphere cells after 5 UM cisplatin treatment (**P < 0.01, compared with untreated),
suggest ALDH1AZ3 is associated with resistance to cisplatin in lung adenocarcinoma
tumorspheres. C. Western Blot analysis of USP22, CD133, and ALDH1A3 in three paired
control siRNA and ALDH1A3-KD cells. D. Cytotoxic effects of cisplatin in control and
ALDH1A3-KD sphere cells. E. Cisplatin induced apoptosis and quantitative analysis of
induced apoptosis in control and ALDH1A3-KD cells (*P < 0.05, **P < 0.01, compared
with control), indicating ALDH1A3 knockdown also sensitized tumorspheres to cisplatin.
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