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Abstract

The ubiquitin/proteasome system (UPS) regulates the turnover of improperly folded and damaged
proteins to maintain protein homeostasis (proteostasis), cellular function, and viability. It is commonly
thought that an age-related impairment of the UPS affects general proteostasis networks, which
causes enhanced protein aggregation and contributes to normal aging. Recent studies identified the
existence of ubiquitin-dependent degradation pathways that specifically control lifespan regulators,
suggesting additional roles for ubiquitylation in aging and longevity.

Introduction and context
Protein ubiquitylation is a key control mechanism
contributing to diverse cellular processes, such as protein
quality control, cell-cycle progression, signal transduc-
tion, and development [1]. Substrates of the ubiquitin/
proteasome system (UPS) get post-translationally mod-
ified by covalent attachment of multiple ubiquitin
molecules at internal lysine residues. This polyubiquity-
lation of substrate proteins is mediated by an enzymatic
cascade that involves ubiquitin-activating enzymes (E1),
ubiquitin-conjugating enzymes (E2), and ubiquitin
protein ligases (E3). A chain made of four to six
ubiquitin moieties targets the conjugated substrate for
degradation by the 26S proteasome [2,3]. The 26S
proteasome is a multi-catalytic protease complex com-
posed of one proteolytically active 20S proteasome and
two 19S regulatory particles, each attached to one end of
the 20S proteasome. A single 19S regulatory particle can
be divided into ‘base’ and ‘lid’ subcomplexes [4].
Independent observations in different organisms
showed an age-related reduction of the 26S proteasome
activity associated with increased protein aggregation
and proteotoxicity [5]. Consequently, proteasomal
impairment is commonly seen as one of the key
determinants of the aging process.

Work over the past decade identified genetic programs
regulating aging and longevity [6]. The most extensively
studied pathways of those are the insulin/insulin-like
growth factor 1 signaling (IIS) pathway and the dietary
restriction (DR) pathway. The central regulator of the
conserved IIS pathway in Caenorhabditis elegans, called
DAF-2, is important for lifespan, stress response, and
metabolism. Loss of DAF-2 signaling activates the down-
stream Forkhead box O (FOXO) transcription factor
DAF-16, which modulates gene expression to extend
lifespan. The DR pathway describes the regulation of aging
by nutrient uptake, as it has been shown that lifespan can
be extended when diet is restricted in a number of species
ranging from yeast to mammals. In C. elegans, key factors
of DR-dependent lifespan extension include the transcrip-
tion factors PHA-4 and SKN-1. DR causes activation of
SKN-1 in two sensory ASI neurons, which results in
increased metabolic activity of peripheral tissues [7]. In
addition to its role inDR, SKN-1 is important for oxidative
stress resistance and induces genes involved in detoxifica-
tion and protein homeostasis (proteostasis).

Major recent advances
Asmentioned before, impairment of the 26S proteasome
is beginning to be recognized as a key determinant for
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normal aging; however, mechanistic aspects causing the
age-related decline of proteasomal activity are not clear.
An exciting study using Drosophila melanogaster demon-
strated for the first time that reduction of proteasomal
activity results from the attenuation of both the activity
and amount of the 26S proteasome during aging due to
its impaired assembly [8]. Intriguingly, overexpression
of lid subunits of the 19S regulatory particle, such as
Rpn11, suppresses the age-related impairment of pro-
teasomal function, which might reflect enhanced assem-
bly of the 26S proteasome. In line with these data, recent
reports showed that C. elegans lacking proteasomal
subunits or AIP-1 (ASK-interacting protein 1, a regulator
that is important for proteasomal adaptation to proteo-
toxic stress conditions) exhibit a shortened lifespan
[9,10]. Together, these results suggest that maintenance
of the 26S proteasome integrity during aging could
suppress proteotoxicity and aggregate formation and
thus promote longevity. The comparison between
ubiquitin-dependent proteolysis in neurons and muscle
cells detected that the UPS is differently rather than
equally impaired by aging in individual cell types [11],
which might underlie the enhanced susceptibility of
certain tissues for age-related protein aggregation.

Besides the observation of an overall decline of UPS
activity with age affecting proteostasis, different ubiqui-
tin ligases have been identified to regulate longevity by
specifically targeting central lifespan modulators for
proteasomal degradation. Two E3 ubiquitin ligases
were shown to regulate the activity of the FOXO
transcription factor DAF-16, which is important for IIS
in different ways. Whereas the E3 ligase RLE-1 limits
longevity by direct turnover of DAF-16 [12], a cullin 1
(CUL-1)-based E3 ligase complex promotes extended
lifespan by ubiquitylation of yet unidentified DAF-16
inhibitors [9]. In addition to ubiquitin-mediated IIS
regulation, several E3 enzymes are required for the
lifespan extending effects of DR in C. elegans. The
transcription factor SKN-1 was shown to be targeted by
the substrate recognition subunit WDR-23 to the CUL-4-
based E3 ligase complex [13]; however, the substrate of
the E3 ligase WWP-1 important for DR is not yet known
[14]. Interestingly, a new role for the hypoxic response is
both promoting and limiting longevity dependent on
the context, indicating complex regulatory signalling
mechanisms. Central to this pathway is the degradation
of the hypoxia-inducible transcription factor HIF-1 by
the von Hippel-Lindau tumour suppressor VHL-1.
Worms lacking HIF-1 at elevated temperatures exhibit
an increased lifespan, which is based on DR effects [15].
In contrast, at lower temperatures, lifespan elongation
results from enhanced expression or stabilization of
HIF-1, independent of DR or IIS [16].

Future directions
Besides the requirement of proteasomal integrity for
normal lifespan, the identification of degradation path-
ways specifically regulating central lifespan modulators
reflects the importance of the UPS for the aging process.
The elevation of SKN-1 levels upon proteasomal
dysfunction [17] together with its role in proteasomal
gene expression [18] suggest a close interplay between
specific and general degradation pathways in lifespan
regulation. Thus, the identification of metabolic and
stress-induced signals will offer intriguingly new
mechanistic insights into the regulation of aging and
longevity governed by ubiquitin.

Abbreviations
CUL-1, cullin 1; DR, dietary restriction; IIS, insulin/
insulin-like growth factor 1 signaling; FOXO, Forkhead
box O; proteostasis, protein homeostasis; UPS, ubiquitin/
proteasome system.

Competing interests
The author declares that he has no competing interests.

Acknowledgements
I am grateful to the members of the Hoppe laboratory for
input. Work in the laboratory is supported by grants
from the Deutsche Forschungsgemeinschaft (German
Reseacrh Foundation), especially the Cologne Excellence
Cluster on Cellular Stress Responses in Aging-Associated
Diseases (CECAD) and the Research Unit FOR885, and
the Rubicon European Union Network of Excellence to
TH. TH is a European Molecular Biology Organization
(EMBO) Young Investigator.

References
1. Kerscher O, Felberbaum R, Hochstrasser M: Modification of

proteins by ubiquitin and ubiquitin-like proteins. Annu Rev
Cell Dev Biol 2006, 22:159-80.

2. Richly H, Rape M, Braun S, Rumpf S, Hoege C, Jentsch S: A series of
ubiquitin binding factors connects CDC48/p97 to substrate
multiubiquitylation and proteasomal targeting. Cell 2005,
120:73-84.

F1000 Factor 6
Evaluated by Karin Romisch 19 Jan 2005

3. Zhang D, Chen T, Ziv I, Rosenzweig R, Matiuhin Y, Bronner V,
Glickman MH, Fushman D: Together, Rpn10 and Dsk2 can serve
as a polyubiquitin chain-length sensor. Mol Cell 2009,
36:1018-33.

4. Finley D: Recognition and processing of ubiquitin-protein
conjugates by the proteasome. Annu Rev Biochem 2009,
78:477-513.

5. Vernace VA, Schmidt-Glenewinkel T, Figueiredo-Pereira ME: Aging
and regulated protein degradation: who has the UPPer hand?
Aging Cell 2007, 6:599-606.

6. Kenyon CJ: The genetics of aging. Nature 2010, 464:504-12.

Page 2 of 3
(page number not for citation purposes)

F1000 Biology Reports 2010, 2:79 http://f1000.com/reports/b/2/79

http://www.f1000.com/1023373


7. Bishop NA, Guarente L: Two neurons mediate diet-restriction-
induced longevity in C. elegans. Nature 2007, 447:545-9.

F1000 Factor 11
Evaluated by Thorsten Hoppe 27 Jun 2007, Stephen Helfand 12 Oct
2007

8. Tonoki A, Kuranaga E, Tomioka T, Hamazaki J, Murata S, Tanaka K,
Miura M: Genetic evidence linking age-dependent attenuation
of the 26S proteasome with the aging process. Mol Cell Biol
2009, 29:1095-106.

9. Ghazi A, Henis-Korenblit S, Kenyon CJ: Regulation of Caenorhab-
ditis elegans lifespan by a proteasomal E3 ligase complex. Proc
Natl Acad Sci U S A 2007, 104:5947-52.

10. Yun C, Stanhill A, Yang Y, Zhang Y, Haynes CM, Xu CF, Neubert TA,
Mor A, Philips MR, Ron D: Proteasomal adaptation to environ-
mental stress links resistance to proteotoxicity with long-
evity in Caenorhabditis elegans. Proc Natl Acad Sci U S A 2008,
105:7094-9.

11. Hamer G, Matilainen O, Holmberg CI: A photoconvertible
reporter of the ubiquitin-proteasome system in vivo. Nat
Methods 2010, 7:473-8.

12. Li W, Gao B, Lee SM, Bennett K, Fang D: RLE-1, an E3 ubiquitin
ligase, regulates C. elegans aging by catalyzing DAF-16
polyubiquitination. Dev Cell 2007, 12:235-46.

F1000 Factor 11
Evaluated by Nektarios Tavernarakis 13 Feb 2007, Thorsten Hoppe
23 Feb 2007, Andy Golden 12 Mar 2007

13. Choe KP, Przybysz AJ, Strange K: The WD40 repeat protein
WDR-23 functions with the CUL4/DDB1 ubiquitin ligase to
regulate nuclear abundance and activity of SKN-1 in
Caenorhabditis elegans. Mol Cell Biol 2009, 29:2704-15.

14. Carrano AC, Liu Z, Dillin A, Hunter T: A conserved ubiquitination
pathway determines longevity in response to diet restriction.
Nature 2009, 460:396-9.

F1000 Factor 8
Evaluated by Thorsten Hoppe 06 Jul 2009

15. Chen D, Thomas EL, Kapahi P: HIF-1 modulates dietary
restriction-mediated lifespan extension via IRE-1 in Caenor-
habditis elegans. PLoS Genet 2009, 5:e1000486.

16. Mehta R, Steinkraus KA, Sutphin GL, Ramos FJ, Shamieh LS, Huh A,
Davis C, Chandler-Brown D, Kaeberlein M: Proteasomal regula-
tion of the hypoxic response modulates aging in C. elegans.
Science 2009, 324:1196-8.

F1000 Factor 8
Evaluated by Nektarios Tavernarakis 27 Aug 2009

17. Kahn NW, Rea SL, Moyle S, Kell A, Johnson TE: Proteasomal
dysfunction activates the transcription factor SKN-1 and
produces a selective oxidative-stress response in Caenorhab-
ditis elegans. Biochem J 2008, 409:205-13.

18. Ferguson AA, Springer MG, Fisher AL: skn-1-dependent and -
independent regulation of aip-1 expression following
metabolic stress in Caenorhabditis elegans. Mol Cell Biol 2010,
11:2651-67.

Page 3 of 3
(page number not for citation purposes)

F1000 Biology Reports 2010, 2:79 http://f1000.com/reports/b/2/79

http://www.f1000.com/1088101
http://www.f1000.com/1065726
http://www.f1000.com/1162407
http://www.f1000.com/1159234

	Abstract
	Introduction and context
	Major recent advances
	Future directions
	Abbreviations
	Competing interests
	Acknowledgements
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


