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The Cullin-RING ubiquitin ligase 4 (CRL4) is implicated in
controlling cell cycle, DNA damage repair, and checkpoint
response based on studies employing cell lines and mouse mod-
els. CRL4 proteins, including CUL4A and CUL4B, are often
highly accumulated in human malignancies. Elevated CRL4
attenuates DNA damage repair and increases genome instability
that is believed to facilitate tumorigenesis. However, this has yet
to be evaluated in human patients with cancer. In our study, 352
lung cancer and 62 normal lung specimens of Asian origin were
constructed into tissue microarrays of four distinct lung cancer
subtypes. Expression of CUL4A, CUL4B, and their substrates
was detected by immunohistochemistry and analyzed statisti-
cally for their prognostic value and association with DNA dam-
age response and genomic instability. Our results show that
both CUL4A and CUL4B are overexpressed in the majority of
lung carcinomas (Pcypaa <0.001 and Py 45 <0.001) and sig-
nificantly associated with tumor size (Pcyraa <0.001 and
Pcyag = 0.002), lymphatic invasion (Pcypaa = 0.004 and
Pryrap <0.001), metastasis (Pcyiqaa = 0.019 and Pcyp.p =
0.006), and advanced TNM stage (Pcypaa <0.001 and Pcyypap
<0.001), which parallels gene amplification and abnormal acti-
vation of the canonical WNT signaling. Moreover, overexpres-
sion of CUL4A, but not CUL4B, is significantly associated with
tobacco smoking (p = 0.01) and is inversely correlated with XPC
and P21, both of which are substrates of CUL4A (P¢y.44 = 0.019
and Pcyi4p = 0.006). Higher levels of CUL4A or CUL4B are
significantly associated with the overall survival of patients (P44
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<0.001 and Py;; 45 <0.001) and progression-free survival (Pcypaa
<0.001 and Py 45 = 0.001). Our findings revealed that CUL4A
and CUL4B are differentially associated with etiologic factors for
pulmonary malignancies and are independent prognostic markers
for the survival of distinct lung cancer subtypes.

Lung cancer is the leading cause of cancer-related mortality
worldwide. The death rate of lung cancer has increased more
than 800% in males and has more than doubled in females dur-
ing the last 25 years (1). In recent years, intense investigations
have led to an exponential increase in the understanding of the
molecular mechanisms underlying lung cancer growth, metasta-
sis, relapse, and drug resistance, resulting in the development of
novel intervention strategies, such as EGF receptor mutation-tar-
geted therapy by tarceva and irasa and immunotherapy by Niv-
olumab (Opdivo). However, these Food and Drug Administra-
tion-approved drugs are directed against small subgroups of
non-small cell lung cancer. Targeting a specific trait for managing
different lung cancer subtypes remains a daunting task.

The CRL4 ubiquitin ligase regulates a wide variety of cellular
processes, including control of cell cycle, signal transduction,
DNA repair, and embryonic development (2, 3), and it is fre-
quently implicated in human pathologic conditions such as
cancer and neuronal diseases. CRL4 contains four subunits, in
which CUL4A or CUL4B serves as an elongated docking plat-
form to assemble the ubiquitin ligase complex; the N-terminal
region of CUL4 recruits substrates via the adaptor protein
DDB1 and various DDB1 and CUL4-associated factor substrate
receptors, whereas the C terminus of CRL4 binds to the RBX1/
ROCI adaptor that recruits ubiquitin-bearing E2 enzymes. As
such, substrates and activated ubiquitin are brought into close
proximity to facilitate ubiquitin transfer to the substrates (4, 5).
There are two members in the CRL4 family, CUL4A and
CULA4B, that are derived from the same CRL4 ancestor (6).
CUL4A was initially identified as an amplified gene in primary
human breast cancers (7). High levels of CUL4A were observed
in squamous cell carcinomas (8), adrenocortical carcinomas
(9), childhood medulloblastomas (10), hepatocellular carcino-
mas (11), and malignant pleural mesotheliomas (12). Overex-
pression of CUL4A was significantly associated with poor over-
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FIGURE 1. Immunohistochemical staining showing high level expression of CUL4A and CUL4B in lung cancer. Representative staining of CUL4A (A-E) or
CUL4B (F-J) in squamous cell carcinoma, adenocarcinoma, large cell lung carcinoma, small cell lung carcinoma, and para-carcinoma tissue is shown. Kand L,
CUL4A and CUL4B are both expressed at significantly higher levels in cancer tissue than that in the corresponding para-carcinoma of all subtypes of lung cancer
(p < 0.001). Images in A-J are at 20 X 10 (=200) magnification, and insets are at 40 X 10 (=400) magnification, Bar, 50 wm. ***, significant p values (<0.001).

all survival (OS)® in patients with prostate cancer (13).
Additionally, inhibition of CUL4A induced cell death in ovarian
cancer cells (14). Mutations of the cul4b gene are causal in the
X-linked mental retardation syndrome (15-17), as well as
developmental abnormalities, including short stature, seizure,
central obesity, mild macrocephaly, and other abnormalities in
humans (18). High levels of CUL4B in colon cancer have been
shown to correlate with tumor progression and pathogenesis
(19). However, the association of CUL4A and CUL4B status
with pulmonary tumorigenesis has yet to be investigated.
Human CUL4A and CUL4B share 82% sequence identity and
90% homology and are functionally redundant in supporting
embryonic development, as mice deleted of either cul4a or
cul4b are viable, healthy, and display no overt abnormalities
except male infertility (15, 18, 20-22). Inactivation of both
CUL4A and CUL4B led to rapid growth arrest and loss of sur-
vival in primary embryonic fibroblasts (15). However, more
recent studies suggest distinct activities of CUL4A and CUL4B
in regulating a variety of cellular processes (23-26). Mutations

® The abbreviations used are: OS, overall survival; IHC, immunohistochemis-
try; PFS, progression-free survival; ADC, adenocarcinoma; SCC, squamous
cell carcinoma; LCC, large cell carcinoma; SCLC, small cell lung carcinoma;
TMA, tissue microarrays; gPCR, quantitative PCR; NER, nucleotide excision
repair: TMUCIH, Tianjin Medical University Cancer Institute and Hospital;
IHC, immunohistochemistry.
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of cul4b cause X-linked mental retardation, suggesting a dis-
tinct role of CUL4B as it is not rescued by the intact CUL4A in
these patients. Moreover, CUL4A is primarily responsible for
controlling the degradation of DDB2 and XPC, the rate-limit-
ing damage recognition factors for nucleotide excision repair,
and P21, the effector of the G, /S DNA damage checkpoint path-
ways, respectively, whereas CUL4B has no obvious role (15). Strik-
ingly, cul4a null mice are hyper-resistant to UV-induced skin can-
cer (15). CUL4A and CUL4B are also expressed at different stages
of spermatogenesis, and germ line deletion of either cu/4 gene
results in male infertility (24, 27). Therefore, CUL4A and CUL4B
share overlapping functions in growth and survival, while also
playing distinct roles in diverse cellular processes.

In this study, we measured the expression of CUL4A and
CUL4B in four different subtypes of lung carcinoma in patients
of Asian ethnic group, including adenocarcinoma (ADC), large
cell carcinoma (LCC), squamous cell carcinoma (SCC), and
small cell lung carcinoma (SCLC), and we analyzed the rela-
tionship between their expression levels and the clinicopatho-
logic factors, as well as the OS and PFS of these patients.

Results

High Level Expression of CUL4A and CUL4B in Lung
Carcinoma—To determine the expression of CUL4A and
CUL4B in lung cancers, subtype-specific lung cancer TMAs
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were constructed from 92 cases of ADC, 61 cases of LCC, 127
cases of SCC, 72 cases of SCLC, and 62 para-carcinoma tissues
as control. Immunohistochemical staining was carried out with
antibodies against CUL4A or CUL4B and scored by lung

pathologists at TMUCIH using the two-way scoring system
(28-30). Unlike the low/negative expression in normal lung,
significantly higher expression of CUL4A was detected in the
cytoplasm and nucleus of lung carcinoma (p < 0.001; Fig. 1,

TABLE 1

CUL4A and CUL4B expression in lung carcinoma patients

CULA4A, case no. (%)

CULA4B, case no. (%)

Total no. of cases Low High Low High
Tissue types
All lung carcinoma 352 175 (50) 177 (50) 1650 (47) 187 (53)
Para-carcinoma 62 62 (100) 0 (00) 62 (100) 0 (00)
Subtypes
Adenocarcinoma 92 48 (52) 44 (48) 47 (51) 45 (49)
Large cell lung cancer 61 24 (39) 37 (61) 22 (36) 39 (64)
Squamous cell lung cancer 127 68 (54) 59 (46) 63 (58) 64 (50)
Small cell lung cancer 72 35 (49) 37 (51) 33 (46) 39 (54)
TABLE 2
Association between clinicopathologic factors and CUL4A/CUL4B expression
The boldface italic P values indicate statistical significance.
CULAA, case no. (%) CULA4B, case no. (%)
Variable Case no. (%) Low High P Low High P
Age (years)
<60 164 (47) 84 (51) 80 (49) 0.599 84 (51) 80 (49) 0.128
>=60 188 (53) 91 (48) 97 (52) 81 (43) 107 (57)
Gender
Male 233 (66) 116 (49) 117 (51) 0.971 101 (43) 132 (57) 0.064
Female 119 (34) 59 (49) 60 (51) 64 (54) 55 (46)
Smoking
No 141 (40) 82 (58) 59 (42) 0.010 74 (52) 67 (48) 0.085
Yes 211 (60) 93 (44) 118(56) 91 (43) 120 (57)
Stage
I 113 (32) 71 (63) 42 (37) <0.001 69 (61) 44 (39) <0.001
il 83 (24) 47 (57) 36 (43) 46 (55) 37 (45)
I 123 (35) 47 (38) 76 (62) 42(34) 81 (66)
v 33 (09) 10 (30) 23 (70) 8 (24) 25 (76)
Tumor size
T1-T2 242 (69) 138 (57) 104 (43) <0.001 127 (52) 115 (48) 0.002
T3-T4 110 (31) 37 (34) 73 (66) 38 (35) 72 (65)
Lymphatic invasion
Absent 174 (49) 100 (57) 74 (43) 0.004 99 (57) 75 (43) <0.001
Present 178 (51) 75 (42) 103 (58) 66 (37) 112 (63)
Metastasis
No 319 (91) 165 (52) 154 (48) 0.019 157 (49) 162 (51) 0.006
Yes 33 (09) 10 (30) 23 (70) 8 (24) 25 (76)
TABLE 3
Association between smoking index and CUL4A expression in different subtypes of lung cancer
CUL4A, no. (%)
Smoking index Case no. (%) Low High P
All subtypes
I 40 (11) 22 (55) 18 (45) 1 versus 11 0.662
I 43 (12) 21 (49) 22 (51) 11 versus 111 0.484
111 140 (40) 59 (42) 81 (58) I versus 111 0.155
Adenocarcinoma
I 6 (07) 4.(67) 2 (33) 1 versus 11 1.000
11 11(12) 8 (73) 3(27) 11 versus 111 0.282
11 27 (29) 13 (48) 14 (52) I versus 111 0.656
Large cell lung cancer
2 (03) 0 (00) 2 (100) I versus I1 0.500
11 7 (11) 3 (43) 4. (57) 1I versus 111 1.000
11 29 (48) 11 (38) 18 (62) I versus 111 0.527
Squamous cell lung cancer
I 30 (23) 18 (60) 12 (40) I versus I10.180
il 25 (20) 10 (40) 15 (60) 11 versus 111 0.805
I 47 (37) 21 (45) 26 (55) I versus 111 0.244
Small cell lung cancer
I 2(03) 0 (00) 2 (100) I versus 111 0.528
11 37 (51) 14 (38) 23 (62)
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TABLE 4
Association between clinicopathologic factors and CUL4A/B expression in different subtypes of lung cancer
Subtype Adenocarcinoma (ADC) Large cell lung cancer (LCC) Squamous cell lung cancer (SCC) Small cell lung cancer (SCLC)
Variable Case no. | CUL4A | CUL4A P Caseno. | CUL4A | CUL4A Caseno. | CUL4A | CUL4A P Case no. CUL4A CUL4A P
(%) low high (%) low high (%) low high (%) low high
Smoking
No 48 (52) | 23 (48) 25 (52) 0.399 24 (39) 11 (46) 13(54) 0.412 36 (28) 27 (75) 9 (25) 0.002 33 (46) 21 (64) 12 (36) 0.019
Yes 44 (48) | 25(57) 19 (43) 37(61) 13 (35) 24(65) 91 (72) 41 (45) 50 (55) 39 (54) 14 (36) 25 (64)
Stage
I 31(33) | 23(74) 8 (26) <0.001 19 (31) 12 (63) 7(37) <0.001 40 (31) 21(53) 19 (47) 0.859 23 (32) 15 (65) 8 (35) 0.461
11 20(22) | 16(80) 4(20) 14 (23) 8 (57) 6(43) 3427) | 20(59) | 14@1) 15 (21) 3200 | 12(80)
I 29(32) | 8(28) | 21(72) 24 (39) 4(17) | 20(83) 36(29) | 18(50) | 18 (50) 34 (47) 17(50) |17 (50)
v 12 (13) 1(8) | 1192 4(7) 0(0) | 4(100) 17 (13) 9(53) 3 (47)
Tumor size
TI-12 71(77) |_42(59) | 29 (41) 0.013 | _43(70) | _19(44) | _24(56) 0239 | 79(62) | 48(61) | 31(39) 0.037 | 48(67) 28 (58) | 20 (42) 0.035
T3-T4 2123) | 629 | 15(7D) 18 (30) 528 | 13(72) 48(38) | 20(42) | 28(58) 24 (33) 729 | _17(70)
Lymphatic
invasion
Absent 46 (50) | 30(65) | 16 (35) 0.012| 3049 | 17(57) | 13(43) 0.006 | _68(54) | 37(54) | 31(46) 0.835 29 (40) 15(52) | 14 (48) 0.670
Present 46 (50) | _18(39) | 28(61) 31(51) 7(23) | 24(77) 59(46) | 31(53) | 28(47) 43 (60) 20 (47) | 23(53)
Metastasis
No 80(87) | 47(59) 33 (41) 0.001 57(93) 24 (42) 33(58) 0.099 | 110(87) 59 (54) 51 (46) 0.958 N/A N/A N/A N/A
Yes 12 (13) 1(8) 11 (92) 47 0(0) 4(100) 17 (13) 9(53) 8 (47)
Variable Caseno. | CUL4B | CUL4B P Caseno. | CUL4B | CUL4B Caseno. | CUL4B | CUL4B P Case no. CUL4B CUL4B P
(%) low high (%) low high (%) low high (%) low high
Smokin
No 48(52) | 24(50) | 24(50) 0.830 | 24(39) 3(33) |_16(67) 0.726 | _36(28) | _18(50) | 18 (50) 0.956 33 (46) 24 (73) 927) | <0.001
Yes 44 (48) | 23(52) | 21(48) 37(61) | _14(38) | 23(62) 91(72) | _45(49) | 46 (51) 39 (54) 923) |_30(77)
Stage
I 31(33) |_24(70) 7(23) | _<0.001 | 1930) 8(42) | 11(58) 0.030 | 40(1) | 27(68) | 13(32) | <0.001 23 (32) 1043) | 13(57) 0.253
[l 20(22) |14 (70) 6(30) 14 (23) 9 (64) 5 (36) 3427 | _19(G6) | 15 (44) 15 21) 427 | _11(13)
il 29(32) | 5(17) | 24(83) 24 (39) 521) | _19(79) 36(29) |13 (36) |23 (64) 34 (47) 19(56) | 15 (44)
v 12(13) | 4(33) 8 (67) 4(7 0(0) | 4(100) 17(13) | 4(24) | 13(76)
Tumor size
TI-T2 71(77) | 39(5) | 3245 0.179 | _43(70) | _16(37) | 27(63) 0778 | _79(62) | _45(57) | 34(43) 0.034 43 (67) 26 (54) | 22 (46) 0.045
T3-T4 2123) | _8(38) | 13(62) 18 (30) 6(33) | 12(67) 48(38) | 18(38) | 30(62) 24 (33) 729 | _17(7)
Lymphatic
invasion
Absent 46 (50) | 32(70) 14 (30) <0.001 30 (49) 13 (43) 17 (57) 0.252 68 (55) 42 (62) 26 (38) 0.003 29 (40) 11 (38) 18 (62) 0.276
Present 46 (50) | 1533) | 31(67) 31(51) 929 | 22(71) 59(45) | 21(36) | 38(64) 43 (60) 22(51) | 21(49)
Metastasis
No 80(87) | 43 (54) 37 (46) 0.191 57 (93) 22 (39) 35 (61) 0.124 | 110(87) 59 (54) 51 (46) 0.021 N/A N/A N/A N/A
Yes 12(13) | 4(33) 3 (67) 4(7) 0(0) | 4(100) 17 (13) 4(24) | 13(76)

A-E and K; Table 1). Approximately 50% of cases in each sub-
type of lung carcinoma express high levels of CUL4A, with
ADC (48%), LCC (61%), SCC (46%), and SCLC (51%). CULAB
was expressed exclusively in the nucleus, and about half of the
lung carcinoma cases displayed abnormally higher expression
levels of CUL4B compared with normal lung (p < 0.001; Fig. 1,
F-J and L; Table 1). Of all four subtypes, overexpression of
CUL4B was detected in 49% ADC, 64% LCC, 50% SCC, and 54%
SCLC. Among all the 352 cases, 33.2% had high expression of
both CUL4A and CUL4B, whereas 29.8% were low CUL4A and
CULA4B expressers.

To identify the association of CUL4A and CUL4B expression
with clinicopathologic parameters, univariable analysis was
performed. High expression of CUL4A was significantly asso-
ciated with tumor size (p < 0.001), presence of lymphatic inva-
sion (p = 0.004), metastasis (p = 0.019), and advanced TNM
stage (p < 0.001), suggesting the crucial role of CUL4A in lung
carcinoma growth and progression (Table 2). CUL4A was
recently shown to inhibit nucleotide excision repair (15), a key
DNA repair pathway that removes alkylating DNA adducts
induced by cigarette smoking or environmental pollutions.
Indeed, high CUL4A expression is significantly associated with
tobacco smoking (p = 0.010), suggesting that CUL4A could be
a smoking-related risk factor for lung carcinogenesis among
smokers. However, CUL4A is not related to the smoking score
in smokers (Table 3). More interestingly, the association
between CUL4A expression and tobacco smoking was found to
be subtype-specific; in SCC and SCLC that are known as smok-
ing-related subtypes (31, 32), the correlation between CUL4A
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expression and smoking is statistically significant (Pg-c = 0.002
and Pgc; = 0.019) (Table 4). In ADC and LCC, which are not
directly related to smoking (31, 32), there was no correlation
between CUL4A and tobacco smoking (p > 0.05). Instead,
CUL4A overexpression was found to significantly associate
with TNM stage in ADC (p < 0.001) and LCC (p < 0.001) but
not SCC or SCLC (p > 0.05). Moreover, different subtypes of
lung cancer displayed certain level of divergences in clinico-
pathologic parameters in relation to CUL4A status; tumor
size was related to CUL4A expression in ADC (p = 0.013),
SCC (p = 0.037), and SCLC (p = 0.035) but not in LCC (p =
0.239); the presence of lymphatic invasion was associated
with high expression of CUL4A in both ADC (p = 0.012) and
LCC (p = 0.006), whereas distant metastasis showed positive
correlation with CUL4A expression only in ADC (p = 0.001)
(Table 4).

CULA4B expression levels were found significantly associated
with tumor size (p = 0.002), lymphatic invasion (p < 0.001),
tumor metastasis (p = 0.006), and TNM stage (p < 0.001)
(Table 2). Contrary to CUL4A, CUL4B expression is not signif-
icantly associated with tobacco smoking (p = 0.085) except in
SCLC (p < 0.001) (Tables 2 and 4), consistent with the finding
that CUL4B inactivation had no effect on NER activity in pri-
mary cells (15). Subtype-specific associations between CUL4B
and clinicopathologic parameters were also observed (Table 4).
In ADC, CUL4B"#" cases had more advanced TNM stages (p <
0.001) and more prevalent lymphatic invasion (p = 0.001). In
SCC, CUL4B was strongly associated with TNM stage (p <
0.001), tumor size (p = 0.034), lymphatic invasion (p = 0.003),
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A. All Subtypes
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FIGURE 2. Poor OS and PFS in CUL4AM¢" and CUL4B"'9" lung cancer patients. Kaplan-Meier survival curves based on high versus low expression levels of
CUL4A and CUL4B in all patients with lung cancers (A) or subtypes of ADC (B), LCC (C), SCC (D), and SCLC (E) are shown. OS and PFS of CUL4A groups (panels 1
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TABLE 5

CRL4 as Prognostic Biomarker for Lung Cancer

Association between clinicopathologic factors and OS and PFS in lung carcinoma

The boldface italic P values indicate statistical significance.

(O} PFS
Variable Case no. (%) 5-Year OS (%) P 5-Year PFS (%) p
Age (years)
<60 154 (47) 48.0 0.505 40.2 0.627
>=60 173 (53) 48.1 36.4
Gender
Male 218 (67) 49.6 0.327 36.3 0.981
Female 109 (33) 46.1 40.6
Smoking
No 130 (40) 45.4 0.278 39.2 0.422
Yes 197 (60) 50.4 35.8
Stage
I-1I 194 (59) 62.9 <0.001 50.6 <0.001
LIV 133 (41) 27.1 19.3
Tumor size
T1-T2 250 (76) 52.0 0.016 42.9 <0.001
T3-T4 77 (24) 37.1 22.0
Lymphatic invasion
Absent 171 (52) 64.5 <0.001 49.1 <0.001
Present 156 (48) 30.8 25.8
Metastasis
No 300 (92) 49.9 0.004 39.4 0.007
Yes 27 (08) 32.1 19.4
CUL4A
Low 163 (49) 63.2 <0.001 47.6 <0.001
High 164 (51) 33.5 28.2
CUL4B
Low 157 (48) 59.4 <0.001 46.3 0.001
High 170 (52) 38.3 30.1

and tumor metastasis (p = 0.021). CUL4B expression also cor-
related significantly with TNM stage in LCC (p = 0.030) and
tumor size in SCLC (p = 0.045) (Table 4).

Prognostic Value of CUL4A and CUL4B—Because of the
unavailable survival information of 25 cases, 327 cases were
included in the survival analysis. 192 (58.7%) were seen with
disease progression post-surgery, and 161 (49.2%) patients
eventually died of tumor within the follow-up period of 2
months to 125 months. The median OS was 40 months, and the
median PFS was 25 months.

To investigate whether CUL4A or CUL4B overexpression
correlates with the survival probability of patients with lung
cancer, survival analysis was performed. As shown in Fig. 2,
both CUL4AM&" and CUL4BM&" patients had significantly
worse prognosis than those with low levels of CUL4A or
CULA4B expression. For all lung cancer cases, both CUL4A and
CUL4B are of prognostic value for OS (Pcyaa < 0.001 and
Peyyyan < 0.001) and PES (P 4a < 0.001 and Py 45 = 0.001)
(Table 5 and Fig. 2), indicating patients with low expression of
CUL4A or CUL4B had significantly longer survival than the
high expressers. Furthermore, combination of CUL4A and
CUL4B (CUL4AMe" CUL4B"#") could serve as a better prog-
nostic marker for poor OS and PFS than that of CUL4A or
CUL4B alone; meanwhile, CUL4A'" CUL4B™" predicted
more favorable OS and PFS (Pog < 0.001 and Pprg < 0.001,
Table 6 and Fig. 3). Aside from the expression of CUL4A and
CUL4B, TNM stage, tumor size, lymphatic invasion, and tumor
metastasis were also shown to significantly associate with OS
and PFS (Table 5).

Multivariable analysis was also performed to determine the
independent prognostic value of CUL4A and CUL4B expres-
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sion. TNM stages, tumor size, presence of lymphatic invasion,
and distant metastasis were also included based on their signif-
icance in univariable analysis. For OS, CUL4A expression (p =
0.001), CUL4B expression (p = 0.024), lymphatic invasion (p <
0.001), as well as tumor metastasis (p = 0.025) were indepen-
dent prognostic factors. However, only CUL4A expression (p =
0.001) and lymphatic invasion (p < 0.001) were independent
prognostic factors for PFS (Table 7).

Mechanisms Underlying High Expression of CUL4A/B in
Lung Cancer—Increased accumulation of oncoproteins as a
result of amplification of oncogenes is often seen in cancer cells
as a means of conferring growth or selective advantage (7). To
this end, 117 patients with lung cancer from the available 352
individuals were randomly selected for DNA copy number
analysis by qPCR (33). As shown in Fig. 4B, CUL4AM&" or
CUL4B"#" expression groups were found to contain signifi-
cantly higher levels of cul4a and cu/4b DNA than those of their
low expression counterparts (Peypan < 0.001 and Poypap <
0.001), indicating that gene amplification accounts, at least in
part, for the increased accumulation of CUL4A and CUL4B
proteins in patients with lung cancer.

Elevated gene transcription is another mechanism by which
cancer cells accumulate aberrant high levels of oncoproteins.
Miranda-Carboni et al. (34) identified both CUL4A and CUL4B
as target genes of the canonical WNT signaling in both human
and mouse mammary cells, which are measured by the abun-
dance of cytosolic and/or nuclear 3-catenin. We determined
cytoplasmic and nuclear 3-catenin expression and the associa-
tion with CUL4A™#" and CUL4B"#" expression in a total of 103
squamous cell lung cancer patients analyzed. As shown in Fig. 4,
Cand D, soluble B-catenin indeed correlated with both CUL4A
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TABLE 6

OS and PFS of four CUL4A and CUL4B combination groups in lung carcinoma

The boldface italic P values indicate statistical significance.

(O} PFS
Variable Case no. (%) 5-Year OS (%) P 5-Year PFS (%) P
Combinations <0.001 <0.001
CUL4A"™  CUL4B™ 99 (30) 68.0 53.2
CUL4A™  CUL4B"&" 64 (20) 55.8 40.4
CUL4AME  CUL4B'™Y 58 (18) 44.1 38.2
CUL4AMsh  CUL4BMeR 106 (32) 27.6 24.6
1.07 1.0
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FIGURE 3. Poor OS and PFS in CUL4AM9" CUL4B"'9" lung cancer patients. Kaplan-Meier overall survival curve (A) and progression-free survival curve (B)
based on four combinations of CUL4A and CUL4B expression pattern in all patients with lung cancers.

TABLE 7

Multivariable analyses of factors associated with overall survival and progression free survival
The following abbreviations are used: 95% Cl is 95% confidence interval; HR, hazards ratio. Bold italic indicates statistical significance using multivariable analysis. P < 0.05

was considered statistically significant.

oS PFS
Variable HR (95% CI) P HR (95% CI) P
CUL4AME"/ CUL4A™™ 1.610 (1.204-2.152) 0.001 1.739 (1.267-2.386) 0.001
CULABMeM/ CULAB!™ 1.409 (1.047—1.896) 0.024 1.200 (0.876—1.644) 0.256
Tumor size (I1I, IV)/tumor size (I, II) 1.144 (0.967—1.354) 0.117 1.195 (1.000—1.428) 0.050
Lymphatic invasion(+)/lymphatic invasion(—) 2.234 (1.664-3.000) <0.001 1.968 (1.442-2.685) <0.001
Distant metastasis(+)/distant metastasis(—) 1.637 (1.063-2.552) 0.025 1.383 (0.861-1.644) 0.180

(r, = 0.278, p = 0.040) and CUL4B expression (r, = 0.563, p <
0.001). More interestingly, the correlation between soluble
B-catenin and CUL4A was only significant among smokers
(p = 0.023) but not non-smokers (p = 0.133, Table 8). As such,
activation of the canonical WNT/B-catenin pathway could also
contribute to the increased accumulation of CUL4A and
CUL48B in lung cancer, similar to what was observed in breast
cancer (34).

Inverse Correlation of CUL4A with XPC or P21 in Lung
Cancer—Tobacco smoking induces strand-distorting DNA
damages that are repaired by the nucleotide excision repair
(35). Moreover, the DNA damage checkpoint pathways are
activated that halt the cell cycle and allow time for the NER
machinery to identify and remove DNA lesions. Interestingly,
both the NER and G,/S DNA damage checkpoint pathways are
suppressed by CUL4A; the rate-limiting NER damage recogni-
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tion factor XPC and the effector of the G, /S checkpoint protein
P21 are both substrates of the CRL4A ubiquitin ligase (15). As
such, overexpression of CUL4A is expected to accelerate the
destruction of XPC and P21, compromising the NER and
checkpoint activities, and lead to unrepaired DNA adducts and
genomic instability. Whereas CUL4A abrogation indeed con-
ferred marked protection against UV-induced skin carcinogen-
esis in mice (15), the association of CUL4A overexpression with
NER and checkpoint factors has yet to be examined in patients
with cancer.

Here, a randomly selected cohort of 30 lung carcinoma spec-
imens representing different subtypes was evaluated for expres-
sion of CUL4A, XPC, and P21 by IHC. As seen in Fig. 5, A-H,
inverse correlation was seen between protein levels of CUL4A
and XPC (r, = 0.756, p < 0.001) and between CUL4A and P21
(r, = 0.743, p < 0.001). The expression of CUL4B was also
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FIGURE 4. Mechanisms underlying high level expression of CUL4A and CUL4B. A, gene amplification and activation of the canonical WNT/B-catenin
signaling contribute to accumulation of CUL4A/B in patients with lung cancer. B, increased gene copy numbers in CUL4A"9" or CUL4B"'9" expression groups
compared with those in CUL4A'™" or CUL4B'°" groups, as determined by qPCR. C, association between CUL4A/B and B-catenin expression of lung cancer
specimens. Immunohistochemical staining of lung cancer specimens used antibodies against CUL4A, CUL4B, and B-catenin, respectively. Representative
images of CUL4A"9" B-catenin™9" (panels T and 2), CUL4B"9" B-catenin"9" (panels 3 and 4), CUL4A'®" B-catenin'" (panels 5 and 6), and CUL4B'°" B-catenin'®"
(panels 7 and 8) are shown. D, correlation between CUL4A or CUL4B and B-catenin expression. r, indicates the correlation ratio.

assessed in parallel and showed no significant correlation with
that of XPC or P21 (Fig. 5, I and J). Therefore, high CUL4A
expression was significantly associated with reduced XPC and
P21, consistent with the notion of excessive destruction of these
key NER and G,/S checkpoint proteins in patients with lung
cancer. By contrast, there was no correlation detected between
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the expression levels of CUL4B and XPC or CUL4B and P21.
This is also consistent with the finding by Liu et al. (15) that
CUL4B is not involved in XPC or P21 turnover.

To further investigate the biochemical basis of the inverse
expression of CUL4A and XPC/P21 in lung cancer cells, we
transduced lentiviral sShCUL4A or shCUL4B into the SCC cell
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TABLE 8

Association between B-catenin and CUL4A expression in non-smoking and smoking patients of lung cancer

Bold italic P indicates statistical significance using multivariable analysis.

CULA4A, case no. (%)

Variable Case no. (%) Low High P
Non-smokers
B—Catenin“f‘“ 5(22) 5 (100) 0 (00) 0.133
B-Cateninheh 18 (78) 14 (78) 4(22)
Smokers
B-Catenin“’f“’ 22 (28) 15 (68) 7 (32) 0.023
B-Catenin™eh 58 (72) 26 (45) 32 (55)

line NCI-H520 and SCLC cell line NCI-H446, and we estab-
lished stable CUL4A and CUL4B knockdown cell lines. As a
negative control, NCI-H520 and NCI-H446 cells were infected
with lentiviral shControl vector alone and were selected for
stable cell lines. Cell extracts were prepared for immunoblot-
ting to measure the steady-state levels of CUL4A, CUL4B, XPC,
and P21. In both cell lines, XPC and P21 accumulated upon
silencing of CUL4A but not CUL4B (Fig. 5, K and L). Taken
together, these data revealed that CUL4A™&" lung cancer cells
are compromised in the NER and G, /S checkpoint functions as
a result of excess destruction of XPC and P21.

Discussion

Amplification or overexpression of the cul4a or cul4b gene
has been reported in a wide variety of cancers (8 12, 36). How-
ever, there was no systematic investigation of the prognostic
significance of CUL4A and CUL4B in lung carcinoma. This
study is the first to investigate the clinical implications of
CUL4A and CUL4B expression in a large cohort of lung cancer
patients of distinct subtypes with long term follow-up and to
interrogate the underlying DNA damage response pathways
that respond to elevated CUL4A and CUL4B in lung carcino-
mas. Here, we showed both gene amplification and WNT-3-
catenin-induced transcriptional activation led to increased
steady-state levels of CUL4A and CUL4B. OS and PES are sig-
nificantly reduced in both CUL4A™#" and CUL4B™&" patient
groups. On multivariable analyses, both CUL4A and CUL4B
are independent prognostic factors of OS, whereas CUL4A is
also an independent prognostic factor of PFS. This study
defines CUL4A and CUL4B as new prognostic markers for lung
cancer.

Tobacco smoking and/or environmental exposure to polycy-
clic aromatic hydrocarbons and other chemical pollutants are
main risk factors for lung tumorigenesis. These carcinogens
induce alkylating DNA damage and genome instability (37, 38),
which are repaired with by NER. In this regard, CUL4A is the
first identified inhibitor of NER, and we observed a strong asso-
ciation of high CUL4A levels with tobacco smoking risk in
SCLC and SCC, the two smoking-related lung cancer subtypes.
Furthermore, CUL4A suppresses NER as well as G;/S DNA
damage checkpoint by facilitating ubiquitin-dependent prote-
olysis of the rate-limiting NER factors, DDB2 and XPC, as well
as the P21 G,/S checkpoint effector (15). Consistently, we
showed inverse correlation of expression levels between
CUL4A and XPC or P21 in patients with lung carcinoma (Fig.
5). Interestingly, CUL4B is not involved in XPC and P21 turn-
over, and inactivation of CUL4B in primary murine MEF cells
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had no effect on NER (15). Consistently, we detected no corre-
lation between CUL4B expression and the cellular levels of XPC
and P21, and CUL4B is not associated with the smoking.

High levels of CUL4A and CUL4B expression in lung carci-
noma are significantly associated with worse clinicopathologic
variables, including lymph node metastasis, higher TNM stage,
distant metastasis, and larger tumor size in SCC, ADC, LCC,
and SCLC. Thus, dysregulation of CUL4A not only alters DNA
damage repair and genomic integrity but is also expected to
affect the later stages of lung carcinogenesis through excess
degradation of other yet-to-be-determined CUL4 substrates
and pathways. Collectively, our data revealed the prognostic
value of CRL4 ubiquitin ligases in distinct types of lung carci-
noma and highlight a role of CUL4A dysregulation in suppress-
ing cellular DNA damage response pathways in pulmonary
carcinogenesis.

Experimental Procedures

Patient Samples and Tissue Microarray—352 cases of
patients from Asian origin with lung cancer who underwent
surgical resection or bronchoscopic biopsies at TMUCIH,
China, between 2003 and 2010 were collected. The 62 samples
of normal lung taken at 10 cm from the lung carcinoma were
used as para-carcinoma controls. Tissues were formalin-fixed,
paraffin-embedded, and constructed into TMA at the Shanghai
Outdo Biotech Co. (Shanghai, China).

Clinical data were collected from a prospectively maintained
database at the Department of Pathology, TMUCIH, China.
Subtypes and TNM stages were defined based on the NCCN
Guidelines Version 1.2014. Large cell lung cancer specimens
were diagnosed based on morphologic features of paraffin-em-
bedded tumor specimens as well as double negative staining of
TTP-1 and P40 (Fig. 6).

The ages of the patients ranged from 30 to 83 years old, with
a median age of 60. A total of 233 (66%) male and 119 (34%)
female patients participated in this study. 211 (60%) patients
were smokers. Patients were followed from the time of surgery
and censored as the status at the time of the last follow-up. The
average follow-up time was 46 months (median, 41 months;
ranging from 2 to 125 months). Because of the unavailable sur-
vival information of 25 cases, 327 cases were included in the
survival analysis.

DNA Samples and gqPCR—Genomic DNA samples from 117
of 352 patients were deposited in the TMUCIH tumor tissue
bank. qPCR was carried out (33). Cycle of threshold (C,)
values were determined by ABI software. If a sample showed
a C, of >34 or <27, a lower or a higher dilution of the DNA
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FIGURE 6. Negative IHC staining of nuclear TTF-1 and P40 for diagnosis of large cell lung carcinomas. A, representative staining of TTF-1 in adenocarci-
noma as positive control. Band G, IHC staining of TTF-1 in two representative large cell lung carcinoma cases. D, representative staining of P40 in squamous cell
lung carcinoma as positive control. £ and F, IHC staining of P40 in the corresponding specimens as Band C.

sample was measured again in the range of the standard
curve (39).

Cell Lines, Antibodies, and Reagents—Human squamous cell
carcinoma cell lines NCI-H520 and human small cell lung can-
cer cell lines NCI-H446 were obtained from American Type
Culture Collection. Antibodies used for IHC of lung carcinoma
tissues were purchased from commercial sources as follows:
rabbit anti-CUL4A antibody (Bethyl Laboratories, Montgom-
ery, TX; 1:100); rabbit anti-CUL4B antibody (Novus Biologi-
cals, Littleton, CO; 1:50); B-catenin (D10AS8; 1:100) and
P21Waf/Sipl (12D1) rabbit mAbs (Cell Signaling Technology,
Danvers, MA; 1:100); anti-XPC antibody(3.26) (Abcam,
ab116211, Cambridge, MA; 1:100); and secondary antibody
(Fuzhou New Biotechnology Development Co., China; 1:1000).
Antibodies against CUL4A (Cell Signaling Technology,
1:1000), CUL4B (Proteintech, Rosemont, IL; 1:1000), XPC anti-
body (GeneTex, Irvine, CA; 1:1000), and P21¥a/<P! (Cell Sig-
naling Technology; 1:1000) were used for Western blotting.
For DNA copy number assessment, genomic DNA was
extracted using a DNeasy blood and tissue kit (Qiagen,
Valencia, CA). DNA quality was examined by 1% agarose gel
electrophoresis, and DNA concentrations were measured
using the PicoGreen dsDNA assay (Invitrogen). qPCR was
carried out on genomic DNA using SYBR® Premix Ex Taq™
II (Takara Bio Inc, Shiga, Japan) universal master mix and
Multiscript RT on a 7500 Fast System (Applied Biosystems,
Foster City, CA).

Plasmid Construction, Transfection, and Lentiviral Infec-
tion—The lentiviral shRNA plasmids for knocking down
CUL4A and CUL4B were described previously (40). To gener-
ate the recombinant shRNA lentiviruses, 293T cells were trans-
fected with 12 pg of shRNA, 6 ug of VSV-G, and 9 ug of A8.9
plasmids using the Lipofectamine® 2000 transfection reagent
(Invitrogen). 48 hours post-transfection, supernatants con-
taining the indicated lentivirus were collected for infection
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of NCI-H520 and NCI-H446 cells. Infected cells were
selected in RPMI 1640 medium (Invitrogen) containing 4
pg/ml puromycin dihydrochloride (Sigma, Buchs SG,
Switzerland).

Immunohistochemical Scoring and Analysis—The 4-pm-
thick sections from the tissue microarray blocks were processed
for immunohistochemical staining. The two-way scoring sys-
tem was used for staining quantification (28 —30). The staining
intensity was scored in four categories as follows: negative, 0;
weak, 1; moderate, 2; and strong, 3. The proportion of positively
stained cells of interest was determined as follows: 0-25%, 1;
26-50%, 2; 51-75%, 3; and 76 —100%, 4. The final expression
level of each protein in each sample was obtained by multiply-
ing the proportion and the intensity. For CUL4A and CUL4B, a
median score of 6 was used as the cutoff to divide the cases into
two groups, the low expression group (scores of 0—4) and the
high expression group (scores of 6 -12) according to the pub-
lished standard scoring method (41-44).

Statistical Analysis—The correlations between CUL4A/
CUL4B expression and continuous clinicopathologic factors
were assessed using Spearman’s correlation coefficient. The
associations between CUL4A/CUL4B expression and categor-
ical clinicopathologic factors were assessed using x* or Fisher’s
exact test. The median OS and PFS and their 95% confidence
intervals were determined by the Kaplan-Meier method and
tested using log-rank test. Multivariable analysis of the inde-
pendent factors associated with survival was performed
using the Cox proportional hazard model (45). Two-tailed,
two-sample Student’s ¢ test was used to compare the DNA
copy number between CUL4A and CUL4B high and low
expression groups. All differences were considered signifi-
cant when the associated p value was less than 0.05. The
software package of SPSS 16.0 for Windows was used for
statistical analyses (46).
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