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SYNOPSIS
The advanced glycation endproducts receptor (AGER) is a multiligand signal transduction receptor. One of its ligands, S100b molecules activates vascular smooth muscle
cells and endothelial cells via its receptor, thus triggering activation of signaling cascades and generation of cytokines and proinflammatory molecules. Ubiquitin-conjugating enzyme Ubc9 is an E2 conjugating enzyme that transfers the activated small
ubiquitin-related modifier to protein substrates, and thus it plays a critical role in SURMylation-mediated cellular pathways. Previous studies have shown that both AGE-R
and Ubc9 play roles in diverse cellular signaling pathways. However, until recently, little
attention has been paid to interactions between AGE-R and Ubc9. In this study, sequence database searches allowed us to identify a potential interaction motif between
AGE-R and Ubc9. The subsequent biochemical and molecular biological analysis suggested that there may be specificity in AGE-R and Ubc9 complex signaling in atherosclerosis and cancer cells in a cell-type specific manner. Although the determinant for
specificity in AGE-R and Ubc9 complex signaling in cancer cells and atherosclerosis is
yet to be determined, this study provides the basis to develop a specific therapeutic application of AGE-R, SURM (small ubiquitin-related modifier)-1, and Ubc9 complex activation pathways in atherosclerosis, diabetes, cancer and inflammatory diseases.
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INTRODUCTION

sensitive SURM-1 - Ubc9 conjugate was observed7. Therefore,
Ubc9 is likely to be a key conjugating enzyme for the SURMylation pathway9. Ubc9 is a multifunctional protein that enhances cell invasion and metastasis10. It enhances tumor growth
in the xenograft mouse model using MCF-7 cell line in part
through regulation of Bcl-2 expression10. Overexpression of wild
type Ubc9 promotes cell invasion and metastasis10. These observations suggest that Ubc9 may be used in cancer intervention
therapy because it is upregulated in various types of tumors11-14.
In this study, we examined the potential interactions between AGE-R and Ubc9 in cancer cell lines and investigated the
potential relationship between expression and distribution of
Small Ubiquitin-Related Modifier-1 (SURM-1; Ubc9 binding
protein; UBP), Ubc9 and AGE-R in the case of a hypothetical
patient suffering from atherosclerosis.

AGE-R is a signal transduction receptor for S100b, which have
important intracellular properties, where their roles are linked
to homeostatic properties, such as calcium binding. S100b protein is imbued with EF-hand calcium-binding motifs. S100b is
localized in the cytoplasm and/or nucleus of a wide range of
cells, and is involved in the regulation of a number of cellular
processes1. Once released into the extracellular milieu, S100b
molecules activate smooth muscle cells (SMC), and endothelial
cells (EC) via AGE-R, thus triggering activation of signaling cascades and generation of cytokines and proinflammatory molecules1. S100b may function by stimulating Ca2+ fluxes, neurite
extension, proliferation of melanoma cells, inhibition of PKCmediated phosphorylation and inhibition of microtubule assembly1. Chromosomal rearrangements and abnormal expression of this gene have been implicated in several neurological,
neoplastic, and other types of diseases, including Alzheimer's
disease, melanoma, epilepsy, amyotrophic lateral sclerosis,
Down's syndrome and type I diabetes1 (http://www.ncbi.nlm.
nih.gov/gene/6285). Blockade of AGE-R in euglycemic mice
suppressed the challenge phase of delayed-type hypersensitivity in response to methylated BSA; diminished colonic inflammation in mice deficient in IL-10; and decreased phenotypic
and molecular indices of arthritis in DBA/1 mice subjected to
sensitization/challenge with bovine type II collagen1. We speculated that S100, enriched in atherosclerotic plaques and expanding neointima after acute arterial injury, together with
AGE-Rs, amplify proinflammatory mechanisms in the vessel
wall, especially in diabetes.
Ubc9 is an E2 conjugating enzyme that transfers the activated
SURM to protein substrates, and thus it plays a critical role in
SURMylation-mediated cellular pathways2-5. The interaction
between SURM-1 and Ubc9 is much stronger than that between
ubiquitin and Ubc9 or SURM-1 and three other E2s. Furthermore, the conserved C-terminal Gly-Gly residues of SURM-1 are
required for the high affinity interaction, suggesting that SURM1 could form a thiol ester bond with Ubc96-8. This is further supported by an in vitro assay in which a beta-mercaptoethanolAGE-R

RESULTS AND DISCUSSION
Identification of the conserved potential Ubc-9 binding
motif at the C-terminal of AGE-R
Amongst the S100 calcium-binding protein, S100b is one of the
AGE-R’s multi-ligands1. S100b activates smooth muscle cells
(SMC), endothelial cells (EC) and peripheral blood mononuclear cells (PBMC) via AGE-R, thus triggering activation of signaling cascades, and generation of cytokines and proinflammatory molecules1. However, its underlying mechanisms are
still not clear. To elucidate this molecular mechanism via AGER, we examined whether AGE-R has any specific amino acid
sequence motif with previously known functions. Computer
database sequence analysis showed that the AGE-R (319-369)
domain was 77% aligned to the tumor suppressor E2A (478–
528) domain (see Figure 1). This E2A (478–528) domain was
previously shown to be the conserved potential binding site of
SURM conjugating enzyme, Ubc915,16. AGE-R (319-369) and
E2A (478–528) domain is commonly rich in hydrophilic DEST
(D: Aspartic acid; E: Glutamic acid; S: Serine; and T: Threonine)
residues. These results suggested that the AGE-R C-terminal
(319-369) domain might have a Ubc9 binding capacity (see Figure 1; the DEST residues are highlighted in yellow). In addition,

E(371)ERKAPENQUEEEEERAELNQSEEPEAGE(398)

A
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E2A(h) S(478)--RP-- --PD--SY--SGLGR-A---G--A- - - TAAA- - SEIKREEKEDEENTSAADHSEEEEKK(521)

B

Figure 1. Sequence alignment of the conserved Ubc-9 binding motif at the AGE-R. Glutamic acid-rich region (GARR) is present at AGE-R c-terminal just near the
conserved SURMylation motif. The consensus site for Ubc-9 binding and SURMylation KxE (Lys K374) are glutamic acid rich region (E383) at AGE-R. The conserved
Ubc-9 binding motif was highlighted in red. The SURM-1-modified Lys (K) as well as the absolutely conserved Glu. AGE-R is aligned so as to fit the consensus sequence, which suggests that K374 is the primary modification site in AGE-R. (A) The consensus Ubc-9 binding motif and SURMylation KxE (K374) motif in human
AGE-R protein. The SURMylation KxE (K374) motif was highlighted in blue block letters. The consensus Ubc-9 binding motif was highlighted in red block letters. (B)
Sequence Alignment of the conserved Ubc9 binding motif in AGE-R and E2A. Ubc9-binding motif of E2A is highlighted in green and yellow. AGE-R sequence which
was aligned with E2A sequence was also highlighted in green and yellow. Alignment score = 77%.
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this DEST motif at AGE-R is neighbored by the consensus site
for SURMylation, KxE motif (K374). Here, an aliphatic amino
acid and lysine (K) is conjugated to SURM-1, which is well established as a Ubc9 binding protein (UBP)12,13.
The Tumor Suppressor E2A is a transcription factor that plays
a major role in determining the fate of tissue-specific cells during embryogenesis, such as muscle or early B-cell differentiation. Heterodimers between E2A and tissue-specific basic helixloop-helix (bHLH) dimers bind DNA on E-box motifs: 5'CANNTG-3'. Deletions in E2A have been observed in many
cancer cell lines and a subset of pre-B-cell acute lymphoblastic
leukemia (B-ALL) cases (http://www.phosphosite.org P15923).
While E2A functions as a tumor suppressor, Ubc9 is known to
play a role in tumor growth10,17. Ubc9 is a single copy gene and
is ubiquitously expressed in all human organs and tissues.
However, it is often upregulated in tumor specimens. Microarray analysis shows that Ubc9 mRNA is overexpressed in lung
adenocarcinoma12. The semi-quantitative RT-PCR analysis and
immunohistochemistry detected overexpression of Ubc9 in
ovarian carcinoma compared to the matched normal ovarian
epithelial cells12,14. Furthermore, it is the most highly expressed
protein in extracts taken from melanoma infiltrated lymph
nodes13. Ubc9 is able to induce Bcl-2 expression in the breast
cancer cell line MCF-718, which could explain in part why ectopic expression of Ubc9 enhances tumor growth, while suppression of Ubc9 function reduces tumor growth in MCF-7 model12.
Unfortunately, little is known whether or not Ubc9 can promote
cell invasion and tumor metastasis. This leads us to speculate
that the AGE-R C-terminal may be involved in a Ubc9 complex
signaling pathway in cancer cell lines. We have decided to investigate this further by examining the manner in which Ubc9
interacts with AGE-R in cancer cells.

C6

CHO-AGE-R
55 kDa
18 kDa

IP: anti-AGE-R
Blot: anti-Ubc9

Figure 2. Specificity in association with Ubc9 proteins and the AGE-R immunocomplex in the cancer cells. We tested whether Ubc9 proteins are associated
with anti-AGE-R antibody immunocomplex in cervix cancer, breast cancer and
brain cancer cells by western blot analysis: Human cervix adenocarcinoma epithelial cells (Hela; lane 1), Human breast adenocarcinoma epithelial cells (MDAMB-231; lane 2) and Rat C6 glioma cells (lane 3). As a control, this western
blot analysis was tested with Chinese Hamster Ovarian (CHO) cells expressing
AGE-R (lane 4). S100-treated cells (Hela, MDA-MB, C6 cells and control CHO
cells expressing AGE-R) were lysed and resolved in SDS-PAGE. The membrane
was blotted with anti-Ubc9 antibody and visualized by ECL. (Hela: human cervical cancer cells, MDA-MB: breast adenocarcinoma cells, C6: Rat glioma cells).

trol experiment with CHO cells expressing full length AGE-R,
the 18 kDa band was shown in the western blot (Figure 2 lane
4), the same as can be seen in Figure 2 lanes 1 & 3. Thus, full
length AGE-R expressing CHO cells display binding of AGE-R
to Ubc9. Ubc9 was ubiquitously expressed in all of these 4 cell
types above (not shown). These results suggest that Ubc9 might
be associated with AGE-R in cervical cancer and brain glioma
cancer cells, but not in breast cancer cells. Furthermore, these
outcomes suggest that Ubc9 is in the same immunocomplex
with AGE-R in cancer in a cell-type specific manner, more specifically cervical adenocarcinoma epithelial cells, but not in
breast adenocarcinoma epithelial cells. Although the characterization of these two adenocarcinoma epithelial cell types is
the same, the association of the Ubc9 in the same immunocomplex with AGE-R was differentially regulated depending on
the original of organ source. To be sure, more cell types still
need to be examined. However, based on the fact that both of
these organ sources (cervix & breast) were from females, we
speculated that there might be a high specificity in controlling
AGE-R and Ubc9 complex signaling in cancer cells depending
on the chemoresistance of anti-cancer drugs in breast cancer.
This is important for SURMylation and nucleolar delocalization
of topoisomerase (topo) I in response to topo I inhibitors such
as topotecan19. These results suggest Ubc9 might be involved in
controlling chemoresistance via AGE-R in cervical cancer cells,
but not in breast cancer cells. It remains to be seen whether the
mechanism is differentially regulated in two different cancer
systems: cervical and breast cancer.

Cell-type specific association of Ubc9 with AGE-R
immunocomplex in cancer cells
To determine whether AGE-R and Ubc9 proteins are associated
in a living cancer cell culture system, HELA (human cervical
cancer cells), MDA-MB-231 (human breast adenocarcinoma
cells) and C6 (Rat glioma cells) were lysed and immunoprecipitated with anti-AGE-R antibody and resolved in SDS-PAGE.
The membrane was blotted with anti-Ubc9 antibody and visualized by ECL. AGE-R expressing Chinese Hamster Ovarian
(CHO) cells were also used as a control. In this western blot
analysis, the 18 kDa protein bands were shown in human cervix
adenocarcinoma epithelial cells (HeLa; Figure 2 lane 1) and rat
C6 glioma cells (Figure 2 lane 3), which correspond to the size
of Ubc9 protein, but this 18 kDa band was not shown in human
breast adenocarcinoma epithelial cells MDA-MB-231 (Figure 2
lane 2). The 55 kDa band corresponded to the size of heavy IgG.
Pull-down IPT with nonimmune IgG was not shown. In a conwww.ibc7.org
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Co-localization of AGE-R and UBP in mouse aortic
vascular atherosclerotic plaque
Ubc9 was previously shown to directly interact with SURM-1
(Ubc9 binding protein: UBP)20-23. Ubc9, SURM-1, and AGE-R
complex are not limited to cancer cells, but may represent a
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more ubiquitous level of control of AGE-R function. Previous
studies suggest that the ligand of AGE-R, S100b, enriched in
atherosclerotic plaques and expanding neointima after acute
arterial injury, together with AGEs, amplify proinflammatory
mechanisms in the vessel wall, especially in diabetes1,24. We
speculated that expression patterns of AGE-R and UBP might
be correlated in mouse atherosclerosis model. To determine
the relevance of AGE-R and UBP in type 1 diabetic vascular
athersclerotic lesions, we utilized the confocal laser microscopy
on the atherosclerotic plaques of ApoE-null mice rendered diabetic with streptozotocin1 stained with anti-AGE-R antibodies
and anti-SURM1 as shown in Figure 3.
An atherosclerotic plaque lesion tissue section was analyzed
with anti-AGE-R antibodies (solid green: Figure 3A) and antiSURM1 (UBP) antibodies (solid red: Figure 3B) with confocal
laser microscopy. The colocalization of AGE-R antibodies and
SURM1 (UBP) antibodies were detected at the neointima area
in atherosclerotic plaque lesion (yellow overlapped region: Figure 3C), known to be abundant in various types of cells including monocytes, macrophages, endothelial cells and smooth
muscle cells. While some cells were specific to AGE-R antibodies only (solid green: Figure 3C), other cells only had SURM-1
antibodies (solid red: Figure 3C). The plaque was stained with
anti-alpha Actin antibodies or anti-CD68 antibodies indicating
the presence of SMC (smooth muscle cells) and monocytes/
macrophages, respectively (data not shown). These results
strongly suggested that interaction of AGE-R and SURM-1
(UBP) is cell-type specific to atherosclerotic plaque lesion.
These findings suggest that AGE-R is associated with UBP and
Ubc9 complex in vascular atherosclerotic lesions in the diabetic

model. These results are important parallels to the potential
impact of vascular AGE-R and Ubc9 signaling; a key property of
AGE-R in tumor cells is its ability to mediate cellular migration12.
In conclusion, we have investigated whether the expression
and distribution of Ubc9 and AGE-R are closely associated with
diabetic antherosclerosis and cancer in mice. We have demonstrated the importance of the PEST (E371-E398) domain in mediating interactions with both Ubc-9 and SURM-1.

CONCLUSION AND PROSPECTS
Further studies are needed to characterize how specific cell
types differently interact with AGE-R and/or UBP to understand
the underlying molecular mechanism of its physiological function. We have shown that AGE-R and Ubc-9 proteins are coexpressed in atherosclerotic plaque in Figure 3. To further confirm
this expression pattern, we used the previous findings that Ubc9 is known to bind to SURM-120-23. Ubc9, SURM-1 (Ubc9 binding protein: UBP) and AGE-R complexes are not limited to cancer cells, but may represent a more ubiquitous level of control
of AGE-R function. We have tested whether AGE-R would also
be coexpressed with SURM-1 in plaque. The confocal microscopy study indicated that AGE-R would also be colocalized with
SURM-1 in mouse aortic root athersclerotic plaque.
Our results suggest that Ubc9 is important in mediating AGER signaling modulation through direct or indirect interactions
with SURM-1 modification. Although the physiological implications of SURMylation still need to be explored further, this study
provides a solid basis for AGE-R and SURM signaling cascade.

A

B

C

Figure 3. Colocalization of AGE-R and SURM-1 proteins (Ubc9 binding protein: UBP) in Mouse Aortic root blood vessel Atherosclerotic plaque. The aortic root atherosclerotic plaque in ApoE -/- mice rendered diabetic with streptozotocin was stained with anti-AGE-R antibodies and anti-SURM-1(UBP). Atherosclerotic plaque lesion tissue section was analyzed with anti-AGE-R (green: A) and anti-SURM1 (UBP) (red: B) antibodies with the confocal laser microscopy. The colocalization of
AGE-R antibodies and SURM1 (UBP) antibodies were detected at the neointima area in atherosclerotic plaque lesion (area in yellow: C), known to be abundant of
various types of cells including monocytes, macrophages, endothelial cells and smooth muscle cells. However, some cells are specific to AGE-R antibodies only
(Green color only: C), other cells are only with SURM-1 antibodies (Red color only: C).
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MATERIALS AND METHODS

Ubc9 were purchased from Invitrogen Zymed (San Francisco,
CA). Texas Red-coupled anti-mouse antibodies were purchased from Amersham and FITC-coupled anti-rabbit antibodies were purchased from Dako. Vectorshield mounting media
were purchased from Vector Labs (Burlingame, CA)28.

Animals
Hyperlipidimic Apolipoprotein ApoE-/- mice (C57BL/6J background strain, male) were purchased from Charles River Laboratories (Wilmington, MA), and administered with streptozotocin (STZ) for 3 weeks to induce diabetes as a model of in vivo diabetic atherosclerosis1,25-27. Apoe-/- mice were weaned at 4 weeks
of age onto a high-cholesterol diet for 12 weeks1,26,27. Littermate
Apoe+/+ mice were used as controls. The mice were perfused with
4% paraformaldehyde and then aortic root vascular vessels were
isolated to make the frozen blocks with Tissue-Tek OCT 4583
compound medium solution (http://www.diacomp.org; Animal
Models of Diabetic Complications Consortium 2003)1,26,27.

Confocal laser microscopy
ApoE-null mice aortic root vessel atherosclerotic plaque section
slides were stained with both anti-Ubc9 and anti-AGE-R antibodies. Controls for nonspecific immunostaining were performed in the absence of primary Abs. No immunostaining was
detected in negative controls (no primary Abs). Slides were
mounted with Vectorshield mounting media and analyzed with
an oil immersion objective using a Nikon E800 microscope. Images were made with the Bio-Rad Radiance 2000 Confocal System and Lasersharp 2000 software (Bio-Rad, Hercules, CA)29.
Cells were fixed in methanol at room temperature for 5 min and
blocked with 1X PBS containing 10% fetal calf serum and 0.1%
Tween 20. In a single-labeling experiment, AGE-R was detected
with mouse monoclonal antibodies against AGE-R. Ubc-9 protein was detected with rabbit polyclonal antibodies against
Ubc9. For a double labeling experiment, AGE-R was detected
with the mouse monoclonal antibodies directed against AGE-R
and Ubc9 was detected with the rabbit anti-Ubc9 antibody. Primary antibodies were diluted in block solution and incubated
with the permeabilized cells for 1 hr at room temperature. Secondary antibodies such as Texas Red-coupled anti-mouse antibodies and FITC-coupled anti-rabbit antibodies were incubated
with cells for 30 min at room temperature29. The membranes
were washed three times in 1X PBS followed by a final wash in
1X PBS containing 0.05% Tween for 15 min. Preparations were
examined by confocal laser scanning microscopy using an MRC
1000 inverted confocal microscope (Bio-Rad) or an inverted Diaphot 300 microscope (Nikon)29. Images were collected using
an oil immersion lens and using excitation wavelengths of 543
nm (for Texas Red) and 488 nm (for FITC)29.

Computer database search
The Sequence Manipulation Suite (SMS), a computer search
program, was employed to measure the alignment score between AGE-R and E2A protein sequences (http://www.bioinformatics.org). BLOSUM62 was used as a scoring matrix. The
value for gaps preceding a sequence was 0. The value for internal gaps was -2. The value for gaps following a sequence was 0.
(http://www.bioinformatics.org).
Cells
Human cervical adenocarcinoma epithelial cells (HeLa), human breast adenocarcinoma epithelial cells (MDA-MB-231),
Rat C6 glioma cells and Chinese Hamster Ovarian (CHO) cells
were purchased from ATCC (Manassas, VA). AGE-R overexpressing CHO cells were stably transfected with full length
AGE-R wild type cDNA (A. Schmidt, New York, NY) and selected for a stable clone1. The cells were maintained in Dulbecco's
modified Eagle's medium (Invitrogen GIBCO BRL, Carlsbad,
CA) supplemented with 10% fetal bovine serum (Invitrogen
GIBCO BRL, Carlsbad, CA) in the presence of 5% CO2. MDAMB-231, LM2-4142, and MDA-MB-468 cells were grown in
RPMI 1640 (Cambrex, Walkersville, MD) supplemented with
10% fetal bovine serum (FBS)28.

Western blotting
Cells were lysed with 1% triton X-100 buffer and boiled for 5
min in SDS-sample buffer (Invitrogen). Cell lysates were then
separated by 10% SDS-PAGE and transferred onto nitrocellulose membranes (Amersham). These membranes were blocked
with 1% fat-free milk in 1X PBS, and then incubated with the
polyclonal antibodies in blocking solution for 1 hr at room temperature. Subsequently, membranes were incubated with peroxidase-conjugated secondary antibody in block solution
(Dako). Each of the incubation steps were followed by 3 washes
for 15 min in PBS containing 0.1% Tween 20. Development was
performed as described in the ECL protocol (Amersham).

Chemicals & antibodies
S100b protein was purchased from Calbiochem (La Jolla, CA).
Streptozotocin and paraformaldehyde were purchased from
Sigma (St. Louis, MO). Tissue-Tek OCT 4583 compound medium solution was purchased from Sakura Finetec (Torrance,
CA). Rabbit, goat, and mouse anti-AGE-R antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Mouse monoclonal antibodies against SURM-1 (SUMO1) were
purchased from Invitrogen Zymed (San Francisco, CA). Goat
polyclonal antibodies against Ubc9 were purchased from Abcam (Cambridge, MA) and Rabbit polyclonal antibodies against
www.ibc7.org

5

IBC 2012;4:13  •  DOI: 10.4051 / ibc.2012.4.4.0013

Kim JH

Interdisciplinary Bio Central

ACKNOWLEDGEMENTS

radation domain via the ubiquitin-proteasome pathway. Proc Natl
Acad Sci USA 95, 7987-7992.
16. Huggins, G. S., Chin, M. T., Sibinga, N. E., Lee, S. L., Haber, E., and Lee,

This work was partially supported by the American Diabetes
Association (7-05-JF-26). We appreciate the encouragement of
Drs. K. Lee, A Schmidt, S Yan, and S. Park and technical service
of D. O’Flahertys.

M. E. (1999). Characterization of the mUBC9-binding sites required for
E2A protein degradation. J Biol Chem 274, 28690-28696.
17. Wu, F., Zhu, S., Ding, Y., Beck, W. T., and Mo, Y. Y. (2009). MicroRNAmediated regulation of Ubc9 expression in cancer cells. Clin Cancer
Res 15, 1550-1557.

REFERENCES

18. Lu, Z., Wu, H., and Mo, Y. Y. (2006). Regulation of bcl-2 expression by
Ubc9. Exp Cell Res 312, 1865-1875.

1. Kim, W., Hudson, B. I., Moser, B., Guo, J., Rong, L. L, Lu, Y., Qu, W., Lal-

19. Mo, Y. Y., Yu, Y., Ee, P. L., and Beck, W. T. (2004). Overexpression of a

la, E., Lerner, S., Chen, Y., et al. (2005). Receptor for advanced glycation

dominant-negative mutant Ubc9 is associated with increased sensitivi-

end products and its ligands: a journey from the complications of dia-

ty to anticancer drugs. Cancer Res 64, 2793-2798.

betes to its pathogenesis. Ann N Y Acad Sci 1043, 553-561.

20. Ahn, J. H., Xu, Y., Jang, W. J., Matunis, M. J., and Hayward, G. S. (2001).

2. Duan, X., Trent, J. O., and Ye, H. (2009). Targeting the SUMO E2 conju-

Evaluation of interactions of human cytomegalovirus immediate-early

gating enzyme Ubc9 interaction for anti-cancer drug design. Anticancer

IE2 regulatory protein with small ubiquitin-like modifiers and their

Agents Med Chem 9, 51-54.

conjugation enzyme Ubc9. J Virol 75, 3859-3872.

3. Mo, Y. Y., and Moschos, S. J. (2005). Targeting Ubc9 for cancer therapy.

21. Chiu, M. W., Shih, H. M., Yang, T. H., and Yang, Y. L. (2007). The type 2

Expert Opin Ther Targets 9, 1203-1216.

dengue virus envelope protein interacts with small ubiquitin-like

4. Moschos, S. J., and Mo, Y. Y. (2006). Role of SUMO/Ubc9 in DNA dam-

modifier-1 (SUMO-1) conjugating enzyme 9 (Ubc9). J Biomed Sci 14,

age repair and tumorigenesis. J Mol Histol 37, 309-319.

429-444.

5. Niedenthal, R. (2009). Enhanced detection of in vivo SUMO conjuga-

22. Mishra, R. K., Jatiani, S. S., Kumar, A., Simhadri, V. R., Hosur, R. V., and

tion by Ubc9 fusion-dependent sumoylation (UFDS). Methods Mol Biol

Mittal, R. (2004). Dynamin interacts with members of the sumoylation

497, 63-79.

machinery. J Biol Chem 279, 31445-31454.

6. Bencsath, K. P., Podgorski, M. S., Pagala, V. R., Slaughter, C. A., and

23. Sampson, D. A., Wang, M., and Matunis, M. J. (2001). The small ubiqui-

Schulman, B. A. (2002). Identification of a multifunctional binding site

tin-like modifier-1 (SUMO-1) consensus sequence mediates Ubc9

on Ubc9p required for Smt3p conjugation. J Biol Chem 277, 47938-

binding and is essential for SUMO-1 modification. J Biol Chem 276,

47945.

21664-21669.

7. Gong, L., Kamitani, T., Fujise, K., Caskey, L. S., and Yeh, E. T. (1997).

24. Libby, P. (2002). Inflammation in atherosclerosis. Nature 420, 868-874.

Preferential interaction of sentrin with a ubiquitin-conjugating enzyme,

25. Keren, P., George, J., Shaish, A., Levkovitz, H., Janakovic, Z., Afek, A.,

Ubc9. J Biol Chem 272, 28198-28201.

Goldberg, I., Kopolovic, J., Keren, G., and Harats, D. (2000). Effect of hy-

8. Reverter, D., and Lima, C. D. (2004). A basis for SUMO protease speci-

perglycemia and hyperlipidemia on atherosclerosis in LDL receptor-

ficity provided by analysis of human Senp2 and a Senp2-SUMO com-

deficient mice: establishment of a combined model and association

plex. Structure 12, 1519-1531.

with heat shock protein 65 immunity. Diabetes 49, 1064-1069.

9. Shimada, K., Suzuki, N., Ono, Y., Tanaka, K., Maeno, M., and Ito, K.

26. Roque, M., Kim, W. J., Gazdoin, M., Malik, A., Reis, E. D., Fallon, J. T.,

(2008). Ubc9 promotes the stability of Smad4 and the nuclear accumu-

Badimon, J. J, Charo, I. F., and Taubman, M. B. (2002). CCR2 deficiency

lation of Smad1 in osteoblast-like Saos-2 cells. Bone 42, 886-893.

decreases intimal hyperplasia after arterial injury. Arterioscler Thromb

10. Zhu, S., Sachdeva, M., Wu, F., Lu, Z., and Mo, Y. Y. (2010). Ubc9 pro-

Vasc Biol 22, 554-559.

motes breast cell invasion and metastasis in a sumoylation-indepen-

27. Toyama, K., Wulff, H., Chandy, K. G., Azam, P., Raman, G., Saito, T., Fu-

dent manner. Oncogene 29, 1763-1772.

jiwara, Y., Mattson, D. L., Das, S., Melvin, J. E., et al. (2008). The inter-

11. McDoniels-Silvers, A. L., Nimri, C. F., Stoner, G. D., Lubet, R. A., and

mediate-conductance calcium-activated potassium channel KCa3.1

You, M. (2002). Differential gene expression in human lung adenocar-

contributes to atherogenesis in mice and humans. J Clin Invest 118,

cinomas and squamous cell carcinomas. Clin Cancer Res 8, 1127-1138.

3025-3037.

12. Mo, Y. Y., Yu, Y., Theodosiou, E., Ee, P. L., and Beck, W. T. (2005). A role

28. Chin, G. S., Kim, W. J., Lee, T. Y., Liu, W., Saadeh, P. B., Lee, S., Levinson,

for Ubc9 in tumorigenesis. Oncogene 24, 2677-2683.

H., Gittes, G. K., and Longaker, M. T. (2000). Differential expression of

13. Moschos, S. A., Williams, A. E., Perry, M. M., Birrell, M. A., Belvisi, M. G.,

receptor tyrosine kinases and Shc in fetal and adult rat fibroblasts: to-

and Lindsay, M. A. (2007). Expression profiling in vivo demonstrates

ward defining scarless versus scarring fibroblast phenotypes. Plast Re-

rapid changes in lung microRNA levels following lipopolysaccharide-

constr Surg 105, 972-979.

induced inflammation but not in the anti-inflammatory action of glu-

29. Hudson, B. I., Kalea, A. Z., Del, Mar Arriero M., Harja, E., Boulanger, E.,

cocorticoids. BMC Genomics 8, 240.

D’Agati, V., and Schmidt, A. M. (2008). Interaction of the RAGE cyto-

14. Wu, C. J., Cai, T., Rikova, K., Merberg, D., Kasif, S., and Steffen, M. (2009).

plasmic domain with diaphanous-1 is required for ligand-stimulated

A predictive phosphorylation signature of lung cancer. PLoS One 4, e7994.

cellular migration through activation of Rac1 and Cdc42. J Biol Chem

15. Huang, L. E., Gu, J., Schau, M., and Bunn, H. F. (1998). Regulation of

283, 34457-34468.

hypoxia-inducible factor 1alpha is mediated by an O2-dependent deg-

www.ibc7.org

6

IBC 2012;4:13  •  DOI: 10.4051 / ibc.2012.4.4.0013

