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Abstract

UBE1L, ubiquitin-activating enzyme E1-like, is the activating enzyme of ISG15ylation (ISG15, interferon stimulated gene 15). Loss of UBE1L and activation of
epidermal growth factor receptor (EGFR) signaling are common events in lung carcinogenesis. Curcumin, a well-studied chemopreventive agent, is known to down-
regulate EGFR. The present study demonstrated that curcumin decreased EGFR expression in human bronchial epithelial (HBE) Beas-2B cells and lung cancer A549
cells. For the first time, UBE1Lwas found to be induced by curcumin inHBE cells. Interestingly, overexpression of UBE1L reduced EGFR at posttranslational level inHBE
cells. UBE1L triggered EGFRmembrane internalization and promoted complex formation between ISG15 and EGFR. Curcumin decreased EGFR downstream signaling
pAKT and nuclear factor κB (NF-κB). Overexpression or knockdownof UBE1L also resulted in down-regulation or up-regulation of phosphoinositide 3-kinase/AKT/NF-
κB correspondently. In human samples, there was an inverse relationship between UBE1L and EGFR/AKT/NF-κB in non-small cell lung cancer tissues and adjacent
tissues. These results uncover a novel chemopreventive mechanism of curcumin in inducing UBE1L and down-regulating EGFR signaling in HBE cells.
Crown Copyright © 2014 Published by Elsevier Inc. All rights reserved.
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1. Introduction

Lung cancer is a highly aggressivemalignant disease and is a leading
cause of cancer death worldwide. Recent advances and insights into
molecular pathogenesis of lung cancer have provided novel molecular
targets, offering newer strategies and agents that are tumor specific.
Epidermal growth factor receptor (EGFR) is one such target [1].

EGFR is a member of the ErbB family of receptor tyrosine kinases
[2]. On binding of ligands such as epidermal growth factor (EGF), the
receptors form homodimers or heterodimers with other members of
the ErbB family of receptor tyrosine kinases such as ErbB2, ErbB3 and
ErbB4 [3], resulting in autophosphorylation and in further activation
of downstream signaling events, including phosphoinositide 3-kinase
(PI3K)/Akt/mammalian target of rapamycin (mTOR), Ras/Raf/Mito-
gen-activated protein kinase/ERK kinase (MEK)/extracellular-signal-
regulated kinase (ERK) and Janus kinase/signal transducer and
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activator of transcription (JAKs/STATs), which trigger antiapoptosis,
cell proliferation, angiogenesis and tumor invasion andmetastasis [4].
Akt signaling, mainly associated with cell survival [5], is triggered by
binding of the Src homology 2 (SH2) domain of PI3K to phosphor-
ylated tyrosine of Her3, which is heterodimerized with EGFR [6].
PI3K/Akt activation is known to induce nuclear factor κB (NF-κB)
activation [7]. The PI3K/AKT/NF-κB pathway plays an important role
in lung cancer progression [8,9]. Given its roles in signal transduction
and development of the malignant phenotype, the EGFR signaling
pathway presents feasible targets for pharmacological intervention in
lung cancer. Currently, monoclonal antibodies against EGFR (cetux-
imab, panitumumab and zalutumumab) and small molecule tyrosine
kinase inhibitors (gefitinib and erlotinib) are being used for lung
cancer treatment in patients [1].

The degradation of EGFR involves the binding of ligand to the
EGFR, leading EGFR phosphorylation, and initiates EGFR internaliza-
tion/degradation along the endolysosomal pathway [10,11]. Ubiqui-
tination plays an important role in this process. Monoubiquitinin
targets EGFR for endosomal degradation, whereas polyubiquitination
targets EGFR for proteasomal degradation [12,13]. The process of
EGFR down-regulation and degradation is the major negative
feedback regulatory mechanism that controls the intensity and
duration of receptor signaling [13].

UBE1L is E1-like ubiquitin-activating enzyme, which catalyzes
ISG15ylation [14]. ISG15 [interferon (IFN)-stimulated gene 15 kDa] is
the first reported ubiquitin-like protein [15]. UBE1L is located near a
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chromosome 3 region, which is deleted in lung cancers [16]. Also,
UBE1Lwas not detectable in several human lung cancer cell lines [17].
Overexpression of UBE1L in human bronchial epithelial (HBE) cells
and lung cancer cells was showed to promote ISG15ylation of cyclin
D1 and to decrease cyclin D1 overall protein levels, which was
associated with suppression of cell growth [18]. Furthermore, retinoic
acid was able to induce UBE1L and consequently led ISGylation of
promyelocytic leukemia (PML)/retinoic acid (RA) receptor α (RARα)
for degradation [19]. These findings indicated that UBE1L could be a
tumor suppressor gene.

Curcumin, an orange-yellow component of the food flavor
turmeric, is a plant polyphenol that has been known as a
chemopreventive agent [20–22]. Recent studies indicated that
curcumin inhibits cancer initiation and progression through regula-
tion of multiple cellular pathways including EGFR [23], PI3K/AKT [24],
NF-κB [25], mitogen activated protein kinase [26], and signal
transducer and activator of transcription (STAT) pathways [27]. As
research continues, more other molecular mechanisms of curcumin
will be explored.

In the present study, we found that curcumin could down-regulate
EGFRand its downstreamsignaling inHBE cells. Interestingly, curcumin
was able to induce UBE1L expression in HBE cells. Whether curcumin-
inducedUBE1L participated in EGFR down-regulationwas investigated.
The relationship between EGFR and UBE1L was also uncovered.
2. Materials and methods

2.1. Cell culture and reagents

HBE cells (Beas-2B) and human lung carcinoma A549 cells were purchased from
the Cell Centre of the Chinese Academy of Medical Sciences (Beijing, China). Beas-2B
cells were cultured in LHC-9 media (Biofluids, Rockville, MD, USA). A549 cells were
cultured in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml
streptomycin. Cells were grown at 37°C in a humidified 5% CO2 atmosphere. Curcumin
and EGF were purchased from Sigma-Aldrich Ltd. (Poole, Dorset, UK).
Fig. 1. Effect of curcumin on EGFR protein expression in HBE Beas-2B cells and NSCLC A549
manner. Beas-2B cells were incubated in the absence or presence of curcumin (0.5–10 μM) for 2
served as a loading control. (B) Curcumin decreased EGFR expression in A549 cells in a dose-de
20 μM) for 24 h. Then, the cells were harvested and lysed for the detection expression of EGFR
quantification of protein expression levels was shown as fold changes. Data were expressed a
2.2. Tissue specimens

Institutional approval was acquired from the ethical review board of Nanjing
Medical University prior to this study. Non-small cell lung cancer (NSCLC) tissues at
TNM stages of I to IIIa, along with matched adjacent tissues, were obtained from
patients who received curative resection in the Nanjing First Hospital, a Nanjing
Medical University-affiliated hospital. Tissues were grinded in liquid nitrogen and then
added lysis buffer to extract protein for Western blot analysis.

2.3. Plasmids and transient transfection

The pSG5-UBE1L, hemagglutinin (HA)-EGFR, pcDNA3-histidine (His)-UBP43, His6-
tagged pcDNA3-ISG15 were kindly provided by Dr. Ethan Dmitrovsky (Dartmouth
Medical School, Hanover, NH, USA). The EGFP-ubiquitin was provided by Dr. Jianwei
Zhou (Nanjing Medical University, Nanjing, China). Transient transfection was carried
out with Effectene transfection reagent (Qiagen, Hilden, Germany).

2.4. Knockdown of UBE1L

Cells were cultured in 35-mm culture plates with 2×105 cells per well and
transfected with UBE1L interfering RNA containing three target-specific small
interfering RNAs (siRNAs) (sc-106657; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) or control siRNA (sc-37007) using Lipofectamine RNAiMAX (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions.

2.5. Immunoblot analysis

Cells were lysed with ice-cold lysis buffer (KeyGEN, Nanjing, China). Sixty
micrograms of lysates were loaded on polyacrylamide gel before transferred to
polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). A polyclonal
antibody recognizing UBE1L was kindly provided by Dr. Ethan Dmitrovsky (Dartmouth
Medical School). Other primary antibodies for immunoblot assays included anti-HA,
anti-His, and anti-ISG15 (Abmart, Shanghai, China); anti-β-actin (BOSTER, Wuhan,
China); and antiubiquitin, anti-EGFR (D38B1), anti-AKT, anti-p-AKT and anti-NF-κB
(Cell Signaling Technology, Wilmington, DE, USA). Horseradish peroxidase-conjugated
antirabbit or antimouse immunoglobulin G was used as the secondary antibody
(BOSTER). The protein bands were detected using the Chemiluminesence Detection
System (Cell Signaling Technology, Danvers, MA, USA).

2.6. Immunoprecipitation and pull-down analysis

After the cells were lysed, 1 mg of total protein was incubated with indicated
antibody at 4°C for 2 h. Then 40 μl protein A/G plus-agarose beads (Santa Cruz
cells. (A) Curcumin decreased EGFR expression in Beas-2B cells in a dose-dependent
4 h. EGFR protein expression was assessed byWestern blot analysis. β-Actin expression
pendent manner. A549 cells were incubated in the absence or presence of curcumin (5–
by Western blot analysis. β-Actin expression served as a loading control. Densitometry
s means±S.D. *Pb.05, **Pb.01 vs. control group.



Fig. 2. Effect of curcumin on UBE1L protein expression in HBE Beas-2B cells. (A) Curcumin induced UBE1L protein expression in a dose-dependent manner. HBE cells were incubated in
the absence or presence of curcumin (0.5–10 μM) for 24 h. β-Actin expression served as a loading control. (B) Curcumin induced UBE1L protein expression in a time-dependent
manner. HBE cells were incubated with curcumin (10 μM) for 3, 6, 12 and 24 h. β-Actin expression served as a loading control. (C) Curcumin induced UBE1L mRNA expression in a
dose-dependent manner. HBE cells were incubated in the absence or presence of curcumin (0.5–10 μM) for 24 h. GAPDH used as an internal control. (D) Curcumin induced UBE1L
mRNA expression in a time-dependent manner. HBE cells were incubated with curcumin (10 μM) for 3, 6, 12 and 24 h. GAPDH used as an internal control. Densitometry quantification
of protein expression levels was shown as fold changes. Data were expressed as means±S.D. *Pb.05, **Pb.01 vs. control group.
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Biotechnology) were added overnight at 4°C. The immunoprecipitates were washed
three times with the lysis buffer without phenylmethanesulfonyl fluoride (PMSF) and
eluted with sodium dodecyl sulfate (SDS) loading buffer by boiling for 5 min. The
immunoprecipitates were analyzed by Western blotting. For pull-down analysis, the
cells were lysed by sonication and centrifuged at 14,000 rpm for 30 min at 4°C. The
supernatant was added to 10ml of nickel nitrilotriacetic acid resin (Ni-NTA; Invitrogen,
Carlsbad, CA, USA). Proteins were separated by SDS/polyacrylamide gel electrophoresis
using 10% gel.

2.7. Reverse transcription polymerase chain reaction

Total RNAs were isolated from cells using a TRIzol reagent (Invitrogen, Carlsbad,
CA, USA). Primers were synthesized by Invitrogen (Shanghai, China). The UBE1L
forward primer was 5′-AGGTGGCCAAGAACTTGGTT-3′, and reverse primer was 5′-
CACCACCTGGAAGTCCAACA-3′. The EGFR forward primer was 5′-GTGACCGTTTGG-
GAGTTGATGA-3′, and reverse primer was 5′-GGCTGAGGGAGGCGTTCTC-3′. The
GAPDH forward primer was 5′-CAAGGTCATCCATGACAACTTTG-3′, and reverse
primer was 5′-GTCCACCACCCTGTTGCTGTAG-3′. Reverse transcription reaction was
carried out by RevertAid Fist Strand cDNA Synthesis Kit (Fermentas, Ontario, Canada).
The polymerase was RevertAid Reverse Transcriptase. Polymerase chain reaction
(PCR) was carried out at 95°C for 3 min, followed by 35 cycles for UBE1L (94°C, 1 min;
65°C, 1 min; 72°C, 3 min), 40 cycles for EGFR (95°C, 20 s; 54°C, 30 s; 72°C, 30 s), 20
cycles for GAPDH (95°C, 30 s; 56°C, 30 s; 72°C, 40 s) and a final elongation at 72°C for
10 min. PCR products were resolved on 2% agarose gels and visualized by ethidium
bromide staining.

2.8. EGFR internalization analysis

Beas-2B cells were transfected with pSG5-UBE1L. The amount of EGFR presented at
the cell surface was determined by labeling of the unpermeabilized and fixed cells with
an anti-EGFR antibody directly conjugated to Alexa 488 (Beyotime, Haimen, China).
EGFR surface labeling was analyzed by the flow cytometer (BD, San Jose, CA, USA).

2.9. Immunofluorescence staining

Beas-2B cells seeded in chamber slides were transfected with pSG5-UBE1L. The
cells were rinsed in cold phosphate-buffered saline and fixed with 4% paraformalde-
hyde. After fixation, cells were blocked in phosphate buffered saline with tween-20
(PBST) containing 10% normal goat serum. Immunofluorescence labeling was
performed using the combinations of anti-EGFR antibody and specific secondary
antibody Alexa 488 (Beyotime). Microscopy was carried out using confocal microscope
(Zeiss, Jena, Germany).

image of Fig.�2


Fig. 3. Effects of UBE1L on EGFR in HBE cells. (A) UBE1L transfection decreased EGFR protein expression. After Beas-2B cells were transfected with UBE1L and HA-tagged EGFR for 24 h,
the cells were harvested and lysed for the detection expression of HA by Western blot analysis. β-Actin expression served as a loading control. (B) UBE1L did not change EGFR mRNA
expression. After Beas-2B cells were transfected with UBE1L for 24 h, total RNAs were prepared and subjected to reverse transcription PCR using primer for EGFR. GAPDH was used as
an internal control. (C) UBE1L destabilized exogenous EGFR protein turnover. HBE cells were transfected with HA-tagged EGFR and with or without UBE1L in the presence or absence
of CHX (40 μg/ml) for 24 h. EGFR protein was detected by an anti-HA antibody. β-Actin expression served as a loading control. (D) Curcumin reduced the increased EGFR level as
knockdown of UBE1L. HBE cells were transfected with UBE1L siRNA, in the presence or absence of curcumin (5 μM) for 24 h. The cells were harvested and lysed for the detection
expression of EGFR byWestern blot analysis. β-Actin expression served as a loading control. Densitometry quantification of protein expression levels was shown as fold changes. Data
were expressed as means±S.D. *Pb.05 vs. control group.
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2.10. Statistical analysis

Data were derived from three independent experiments. The parameters were
expressed as mean±S.D. Statistical analysis was performed using analysis of variance
with Newman–Keuls test. P values of b.05 and b.01 were considered significant.
Immunoblots were quantified using ImageJ software [28] (National Institutes of Health).
3. Results

3.1. Curcumin inhibits expression of EGFR in HBE cells and NSCLC cells

Curcumin is known to down-regulate EGFR in several cancer cell
lines such as human colon cancer cells, prostate cancer cells, NSCLC
cells and bladder cancer cells [23,29–31]. In this study, the inhibitory
effect of curcumin on EGFR expression was confirmed in HBE Beas-2B
cells and NSCLC A549 cells. Cells were treated with curcumin at
indicated concentrations for 24 h. Whole-cell extracts were prepared.
Western blotting analyses demonstrated that curcumin significantly
inhibited protein expression of EGFR in HBE Beas-2B and A549 cells,
as shown in Fig. 1A and B.
3.2. Curcumin induces UBE1L expression in HBE cells

Previously, retinoic acid and type I IFN were found to induce UBE1L
expression [19,32]. In the current study, we investigated whether
cucumin could induceUBE1L in the cells. Beas-2Bcellswere treatedwith
curcumin at doses from 0.5 to 10 μM for 24 h, and then the cell lysates
were subjected to Western blot analysis to determine UBE1L protein
level. As shown in Fig. 2A, curcumin inducedUBE1Lexpression in adose-
dependent manner. When the cells were treated with curcumin at a
dose of 10 μM for the indicated time, curcumin time dependently
induced UBE1L protein expression (Fig. 2B). We further examined the
induction of UBE1L messenger RNA (mRNA) expression by curcumin
treatment. Total RNAs were isolated from the cells incubated with
curcumin with the indicated doses for 24 h and subjected to reverse
transcription PCR. UBE1LmRNA levelwas increasedwhen the cellswere
treated with 0.5–10 μM curcumin, as shown in Fig. 2C. Also, curcumin
induced UBE1LmRNA level in a time-dependent manner (Fig. 2D). This
indicates that curcumin up-regulated UBE1L expression at the tran-
scriptional level. However, A549 cells did not express UBE1L and
curcumin failed to reactivation UBE1L (data not shown).
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Fig. 4. Effects of UBP43 on EGFR and the complex between ISG15 and EGFR in HBE Beas-2B cells. (A) UBP43 increased EGFR expression. Beas-2B cells were cotransfected with UBP43
and HA-tagged EGFR for 24 h. EGFR protein was detected by an anti-HA antibody. β-Actin expression served as a loading control. (B) UBP43 antagonized UBE1L-mediated inhibition of
EGFR. HBE cells were cotransfected with HA-tagged EGFRwith or without UBE1L and UBP43 for 24 h. The cells were harvested and lysed for the detection expression of HA byWestern
blot analysis. β-Actin expression served as a loading control. (C) Complex between ISG15 and EGFR. Beas-2B cells were cotransfected with HA-tagged EGFR and His-tagged ISG15 with
or without UBE1L for 24 h. Immunoprecipitation was done with an anti-HA antibody followed by immunoblot with anti-ISG15 antibody. HA expression served as input protein. (D)
Results in panel C were independently confirmed in Beas-2B cells by Ni-NTA pull-down of these tagged ISG15 species. EGFR-HA conjugates were identified with an anti-HA antibody.
His expression served as input protein. (E) Curcumin increased ISG15 modification of EGFR. Beas-2B cells were treated with curcumin (0.5 μM, 5 μM) for 24 h. Immunoprecipitation
was done with EGFR antibody followed by immunoblot with anti-ISG15 antibody. EGFR expression served as input protein. Densitometry quantification of protein expression levels
was shown as fold changes. Data were expressed as means±S.D. *Pb.05, **Pb.01 vs. control group.

245A.-P. Jiang et al. / Journal of Nutritional Biochemistry 25 (2014) 241–249
3.3. UBE1L represses EGFR protein expression

Since EGFR is overexpressed in 50%–70% of human lung cancers [33]
and UBE1L is not detected in several human lung cancer cell lines [17],
we hypothesized that UBE1L can suppress EGFR expression. To
investigate this hypothesis, HBE Beas-2B cells were cotransfected
with UBE1L and HA-tagged EGFR plasmids. Fig. 3A shows that
overexpression of UBE1L suppressed EGFR expression in the HBE
cells. However, UBE1L transfection did not influence EGFR mRNA
expression (Fig. 3B). To determine whether UBE1L affected EGFR
protein stability, UBE1L was cotransfected with HA-tagged EGFR into
the HBE cells in the presence or absence of cycloheximide (CHX; 40 μg/
ml). Fig. 3C shows that UBE1L destabilized exogenous EGFR protein.
These results indicated that down-regulation of EGFR by UBE1Lmay be
occurred at the posttranslational level. To confirm whether curcumin
inhibited EGFR via increasing UBE1L, Beas-2B cells were transfected
with UBE1L siRNAs, in the presence or absence of curcumin treatment.
TheWestern blot analysis showed that knockdown of UBE1L increased
EGFR level. When the cells were transfected with UBE1L siRNA in the
presence of curcumin, the increasedEGFR levelwasdown(Fig. 3D). This
result indicated that UBE1L induction by curcumin was involved in
down-regulation of EGFR.

3.4. UBE1L promotes the formation of the complex between ISG15
and EGFR

UBP43 is the deconjugating enzyme of ISG15, removing ISG15
from conjugated proteins [34]. We further tested whether UBP43
reversed the effect of UBE1L on EGFR. Fig. 4A shows that EGFR
expression increased with UBP43 transfection. This is consistent with
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Fig. 5. UBE1L induces EGFR internalization. (A) FACS analyzed EGFR internalization. Beas-2B cells were transfected with UBE1L for 24 h. The amount of EGFR present at the cell surface
was determined by FACS analysis and normalized to control cells. (B) Immunocytochemistry analyzed EGFR internalization. Beas-2B cells were transfected with UBE1L for 24 h.
Localization of EGFR (green) and nuclei (blue) were visualized by confocal microscopy. Densitometry quantification of fluorescence levels was shown as fold changes. Data were
expressed as means±S.D. *Pb.05 vs. control group.
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the results that UBP43 overexpression led to EGFR up-regulation [35].
Transfection of UBE1L inhibited EGFR expression in Beas-2B cells, but
UBP43 cotransfection antagonized this effect as shown in Fig. 4B.
UBE1L triggers substrate conjugate to ISG15, while UBP43 makes
substrate de-conjugate from ISG15 [34]. Therefore, it was hypothe-
sized that ISG15 could form complex with EGFR. HBE cells were
transiently transfected with or without UBE1L and with EGFR and
ISG15 expression vectors. Lysates were subjected to protein A/G
beads or Ni-NTA agarose for immunoprecipitation or pull-down assay
before immunoblot analyses. Fig. 4C and D reveals conjugates of EGFR
following cells cotransfection of ISG15 and EGFR. When the cells
cotransfected with HA-tagged EGFR, His-tagged ISG15 and UBE1L,
ISG15ylated species increased (Fig. 4C andD). As curcumin can induce
UBE1L, whether curcumin itself can promote the formation of
ISG15ylation of EGFR was investigated. As shown in Fig. 4E, curcumin
itself increased ISG15 modification of EGFR.

3.5. UBE1L enhances EGFR membrane internalization

Endocytic down-regulation is a pivotal mechanism turning off
signaling from the EGFR [36]. Thus, to investigate whether UBE1L
Fig. 6. Effect of curcumin and UBE1Lon EGFR downstream signaling. (A) Curcumin decreased p
were incubated in the absence or presence of curcumin (0.5–10 μM) for 24 h. Then, the cells
proteins by Western blot analysis. β-Actin expression served as a loading control. (B) UBE1L d
transfected with UBE1L (0.4 μg, 0.8 μg) for 24 h. The cells were harvested and lysed for the dete
expression was detected for the transfection efficiency. β-Actin expression served as a loading c
were transfected with siRNAs targeting UBE1L or nontargeting control siRNAs for 24 h. Cells w
analysis. UBE1L expression was detected to confirm the efficiency of siRNA knockdown. β-Acti
NF-κB p65 proteins in the HBE cells. Beas-2B cells were transfectedwith siRNAs targeting UBE1
lysed for the detecting expressions of pAKT, AKT and NF-κB p65 proteins by Western blot an
cancer tissues (T) and the adjacent tissues (N). The NSCLC cancer tissues and the adjacent tissu
proteins by Western blot analysis. Tubulin expression served as a loading control. Densitome
expressed as means±S.D. *Pb.05, **Pb.01 vs. control group.
affect the internalization of EGFR, HBE cells were transfected with
UBE1L or empty vector (as control) for 24 h. Then, the amount of
EGFR presenting at the cell surface was determined by Fluorescence
Activated Cell Sorter (FACS) analysis. As seen in Fig. 5A, compared to
control, EGFR at the surface was substantially decreased after
transfected with UBE1L. To further test the internalization, Beas-2B
cells were transfected with UBE1L or empty vector (as control) for 24
h. They were subsequently fixed and labeled for EGFR (green) and
nuclei (blue). Fig. 5B shows that EGFR was primarily located at the
cell surface in the control cells; UBE1L transfection led to trafficking
of EGFR from the plasma membrane into the cells. This indicated that
UBE1L promoted internalization of the EGFR.

3.6. Curcumin and UBE1L down-regulate EGFR downstream signaling

Curcumin has been reported to suppress EGFR downstream
signaling such as AKT and NF-κB [37]. In the present study, we
confirmed this effect in HBE Beas-2B cells. Fig. 6A shows that
curcumin decreased pAKT and NF-κB in a dose-dependent manner,
but had no influence on total AKT level. We next investigated the
direct effect of UBE1L on EGFR downstream signaling protein. As
AKT and NF-κB p65 proteins in the HBE cells in a dose-dependent manner. Beas-2B cells
were harvested and lysed for the detecting expressions of pAKT, AKT and NF-κB p65
ecreased pAKT and NF-κB p65 proteins in the HBE cells. Beas-2B cells were transiently
cting expressions of pAKT, AKT and NF-κB p65 proteins byWestern blot analysis. UBE1L
ontrol. (C) Knockdown of UBE1L increased EGFR proteins in the HBE cells. Beas-2B cells
ere harvested and lysed for the detecting expressions of EGFR proteins by Western blot
n expression served as a loading control. (D) Knockdown of UBE1L increased pAKT and
L for 24 h, in the presence or absence of EGF (20 ng/ml) for 2 h. Cells were harvested and
alysis. β-Actin expression served as a loading control. (E) Proteins levels in the NSCLC
es were lysed for the detection expressions of UBE1L, EGFR, pAKT, AKT and NF-κB p65
try quantification of protein expression levels was shown as fold changes. Data were
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shown in Fig. 6B, after transfection with UBE1L, the phosphoryla-
tion levels of AKT in the cells were decreased dramatically, whereas
the total AKT level remained unchanged. After transfected with
UBE1L, NF-κB (the downstream molecule of AKT) in the cells
decreased. When the cells were transfected with UBE1L siRNAs, the
expression of EGFR increased (Fig. 6C). To confirm if EGFR
downstream signaling was influenced by the knockdown of
UBE1L, Beas-2B cells were transfected with UBE1L siRNA targeting
UBE1L in the presence or absence of EGF. The expression of pAKT,
AKT and NF-κB were detected by Western blot analysis. The result
showed that knockdown of UBE1L-enhanced EGF mediated activa-
tion of pAKT and NF-κB expression, whereas the total AKT level
remained unchanged (Fig. 6D). These results indicate that curcu-
min-induced down-regulation of EGFR signaling is mediated
through induction of UBE1L, which down-regulates the EGFR/
AKT/NF-κB signal pathway.

We further investigated UBE1L and EGFR in the NSCLC specimens.
We examined expression levels of UBE1L, EGFR and EGFR down-
stream AKT/NF-κB in the NSCLC tissues and adjacent tissues by
Western blot analysis. Fig. 6E show that UBE1L levels in cancer tissues
were lower than in adjacent tissues, or undetected, while the levels of
EGFR, pAKT, AKT and NF-κB were higher in the malignant tissues.
There was only one exception in cancer tissue no. 2, which showed
higher UBE1L level and lower levels of EGFR, pAKT, AKT and NF-κB.
Therefore, these results demonstrate that there is an inverse
relationship between UBE1L and EGFR/AKT/NF-κB expression in
NSCLC, which suggests that UBE1L plays an important role as a
tumor suppressor in lung carcinogenesis.
4. Discussion

The present study clearly shows that curcumin is able to induce
UBE1L expression and subsequently suppress EGFR levels in HBE cells.
The significance of this novel discovery is that it provides a new
chemopreventive mechanism for curcumin in the induction of UBE1L.
We also demonstrate that UBE1L can down-regulate EGFR and its
downstream signals both in vitro and in vivo. These data provide
strong support for the proposal that UBE1L is a potential target for
lung cancer chemoprevention and therapy.

UBE1L expression is up-regulated by certain stresses such as
bacterial and viral infections [38]. These stresses mainly induce type I
IFN signaling. Chemotherapy drug doxorubicin and camptothecin
dramatically elevated UBE1L protein and mRNA levels, leading to
ISG15ylation of several cellular proteins [39]. UBE1L-triggered
ISG15ylation has characteristics of its vital role in the innate immune
response to viral infections. Several reports have indicated that
curcumin had an antiviral activity against the coxsackie virus [40] and
the hepatitis B virus [41]. Therefore, we investigated whether the
ISG15 systemwas a candidate target of curcumin. Like other elements
of the ISG15ylation system stimulated by IFNs and all-trans-retinoic
acid, ISG15 protein levels were up-regulated by curcumin in Beas-2B
cells (data not shown). UBE1L triggers the first step for conjugation of
ISG15 to target proteins. It was assumed that curcumin may enhance
conjugation of substrate proteins by ISG15 (ISG15ylation). Curcumin
may enhance immune response through induction of cellular
ISG15ylation. The precise mechanism of curcumin induction of
UBE1L in Beas-2B will be discussed in another article.

UBE1L promotes ISG15ylation of cyclin D1 and PML/RARα and
leads to destabilization of cyclin D1 and PML/RARα [18,19]. These
results suggest that ISG15ylation of protein may trigger protein
down-regulation. In this study, curcumin induced UBE1L and ISG15
expression in Beas-2B cells, and UBE1L promoted a complex between
ISG15 and EGFR. These could be a possible mechanism of curcumin-
triggered down-regulation of EGFR.
Curcumin is also known to induce EGFR protein degradation
through ubiquitination of EGFR [30]. In the current study, UBE1L did
not affect the ubiquitination of EGFR (data not shown). ISGylation
may potentially interfere with the ubiquitination pathway at the level
of E2 and E3 enzymes, as some of the E2 (e.g., UbcH8) and E3 enzymes
(e.g., EFP) can transfer both ubiquitin and ISG15 conjugate to target
proteins [42].

Curcumin has been extensively studied and found to have diverse
pharmacological activities. However, poor aqueous solubility and low
bioavailability limit curcumin developing as a useful drug. Nanopar-
ticles, liposomes, micelles and phospholipid complexes are promising
novel formulations to enhance the aqueous solubility and bioavail-
ability of curcumin [43]. One phase I clinical trial that applied oral
dosing of 4–8 g of curcumin to human showed peak plasma levels of
0.41–1.75 μM of curcumin after 1 h of dosing [44]. The concentration
of curcumin used in our experiments was from 0.5 to 10 μM, which
could overcome the bioavailability challenges if novel formulations of
curcumin are developed in future.

Down-regulation of EGFR-dependent signaling is achieved
by internalization of activated EGFR and its degradation in
lysosomes [45]. Our results showed that UBE1L induced EGFR
membrane internalization, which may regulate trafficking of ligand-
activated internalized EGFR and cause EGFR degradation. Thus,
destabilization of EGFR by UBE1L is likely to be an important
mechanism underlying the anticancer effect of the UBE1L, partic-
ularly in tumors driven by EGFR signaling. However, the precise
mechanism of how UBE1L triggers EGFR membrane internalization
needs to be further investigated.

EGFR and its downstream signaling pathways are involved in the
development and progression of several human tumors, including
lung cancer. One main intracellular pathway activated by EGFR is the
PI3K/AKT pathway [46]. As mentioned above, PI3K/Akt activation is
known to induce NF-κB activation. AKT/NF-κB is a major antiapopto-
tic/prosurvival pathway. We observed that curcumin could down-
regulate the AKT/NF-κB pathway. Also, there was an inverse
correlation between UBE1L and EGFR downstream pathway AKT
and NF-κB expression in human NSCLC. An increased EGFR and
enhanced/maintained EGFR downstream signaling were observed in
the absence or low expression of UBE1L in human NSCLC specimens.
We hypothesize that the low expression of UBE1L in lung cancer may
lead to EGFR/AKT/NF-κB activation. More human NSCLC specimens
need to be studied to test this hypothesis.

Taken together, our findings provide a novel chemopreventive
mechanism of curcumin as well as the antioncogenic activity of
UBE1L. These discoveries may lead to new strategies for cancer
prevention and therapy in treating EGFR-dependent cancers.
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