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spinning biologic trash into diagnostic gold
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The	low	molecular	weight	region	of	the	serum	peptidome	contains	protein	
fragments	derived	from	2	sources:	(a)	high-abundance	endogenous	circulat-
ing	proteins	and	(b)	cell	and	tissue	proteins.	While	some	researchers	have	
dismissed	the	serum	peptidome	as	biological	trash,	recent	work	using	mass	
spectrometry–based	(MS-based)	profiling	has	indicated	that	the	peptidome	
may	reflect	biological	events	and	contain	diagnostic	biomarkers.	In	this	
issue	of	the	JCI,	Villanueva	et	al.	report	on	MS-based	peptide	profiling	of	
serum	samples	from	patients	with	advanced	prostate,	bladder,	or	breast	
cancer	as	well	as	from	healthy	controls	(see	the	related	article	beginning	
on	page	271).	Surprisingly,	the	peptides	identified	as	cancer-type–specific	
markers	proved	to	be	products	of	enzymatic	breakdown	generated	after	
patient	blood	collection.	The	impact	of	these	results	on	cancer	biomarker	
discovery	efforts	is	significant	because	it	is	widely	believed	that	proteolysis	
occurring	ex	vivo	should	be	suppressed	because	it	destroys	endogenous	bio-
markers.	Villanueva	et	al.	now	suggest	that	this	suppression	may	in	fact	be	
preventing	biomarker	generation.

The illusion of a dry  
biomarker pipeline
Despite the tremendous urgency to iden-
tify clinically useful biomarkers for early 

disease  detection,  there  have  been  only 
a  few  recent  examples  of  such  analytes 
that have had any real impact at the bed-
side (1, 2). Many scientists have pointed 
to  what  they  perceive  to  be  a  dried-up 
blood-borne  cancer  biomarker  pipeline 
for disease detection since recent searches 
for a single, cancer-specific marker have 
not proved fruitful.	 In response to  this 
challenge,  investigators  in  the  field  of 
proteomics have shifted their focus in an 
effort  to  utilize  experimental  methods 
such as mass spectrometry (MS), which 
does not require knowledge of a protein’s 
amino  acid  sequence  prior  to  effective 
detection of the analyte. These MS-based 
methods offer new approaches whereby 

signatures of multiple analytes measured 
simultaneously comprise the diagnostic 
classifier  (3–10).  MS  analysis  of  blood 
proteome is proving facile at probing and 
profiling proteomic information that may 
encompass hundreds of candidate disease 
biomarkers without the need for a priori 
knowledge of their existence or relevance 
to disease states (4–10).

Within this  field of research,  interest 
continues to grow regarding a previously 
unexplored reservoir — the array of exist-
ing proteins in a patient’s serum (coined 
as the serum proteome), particularly those 
of low molecular weight (LMW), as well 
as the metabolic products of these serum 
proteins (the serum peptidome, fragment-
ome, or degradome)	(11, 12). Prior efforts 
in the search for serum and plasma pro-
tein biomarkers utilized gel-based sepa-
ration technologies, which cannot read-
ily separate and distinguish molecules of 
less than 10 kDa in size. In contrast, MS is 
particularly well suited for the detection 
of molecules within the LMW range of 
analysis (<20 kDa). In recognition of this 
attribute, investigators began to use MS 
to explore  the LMW component of  the 
circulatory proteome in order to deter-
mine whether the LMW pool contained 
any disease-related biomarker candidates. 
This method was first applied to examine 
the sera of patients with ovarian cancer 
(4) and then later for other cancers (5–9) 

Nonstandard	abbreviations	used: BRCA2, breast can-
cer 2, early onset; LMW, low molecular weight; MALDI-
TOF, matrix-assisted laser desorption/ionization–time-
of-flight; MS, mass spectrometric, mass spectrometry.
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and  nonneoplastic  diseases  (10).  Early 
research  studies  revealed  an  apparent 
abundance of LMW proteins and peptides 
that potentially contain disease-specific 
information  and  showed  that  changes 
in the expression patterns of these mol-
ecules may be disease specific.	However, 
these early signatures, derived from MS 
analysis of LMW serum proteins,  com-
prised unidentified ions (13, 14). Subse-
quent efforts to sequence these disease-
specific ions revealed they were fragments 
derived  from  larger  parent  molecules 
that are normally too large to passively 
diffuse  through  the  endothelium  into 
the circulation and generally fall into 1 
of 2 general categories: (a) fragments of 
endogenous, high-abundance proteins, 
such as transthyretin (15), and (b) frag-
ments of low-abundance cellular and tis-
sue proteins, such as breast cancer 2, early 
onset (BRCA2) (16, 17). However, despite 
the  potential  richness  of  information 
contained within the serum peptidome, 
there remained cause for concern. Once 
sequenced, some putative disease marker 
ions were identified as fragments of high-
ly abundant blood components found in 
healthy individuals. This led researchers 
to question the disease specificity of this 
repertoire of protein fragments (13).

The serum peptidome:  
from trash to treasure
While some scientists have dismissed the 
LMW serum peptidome as noise, biologi-
cal trash, or nonspecific epiphenomena 
(13, 14) too small to be biologically rel-

evant, others have proposed that just the 
opposite is the case, that the LMW serum 
peptidome may contain a rich, untapped 
source  of  disease-specific  diagnostic 
information (11). In this issue of the JCI, 
Villanueva et al. (18) provide evidence to 
this effect by utilizing MS-based serum 
peptidome profiling in order to identify 
qualitative and quantitative patterns or 
signatures  that  can  indicate  the  pres-
ence or absence of specific types of can-
cer. The authors employed an automated 
peptide  extraction  technique  utilizing 
magnetic, reverse-phase beads for analyte 
capture from subject sera coupled with 
matrix-assisted laser desorption/ioniza-
tion–time-of-flight (MALDI-TOF) MS to 
generate a peptide signature that could 
classify patients with advanced prostate, 
breast, or bladder cancer and differenti-
ate  them  from  healthy  controls.  While 
these investigators did not employ non-
cancer  inflammatory  disease  controls 
within  their  study,  the  results  support 
the  robustness of  their disease-specific 
peptide signature since the set of marker 
peptides enabled highly accurate cancer 
class prediction for an independent vali-
dation set of prostate cancer samples.

Cancer-specific peptidome 
fingerprints
Sequence identification of the 61 marker 
peptide peaks that provided the greatest 
degree of cancer class separation as deter-
mined by statistical significance revealed 
that  most  of  the  cancer-type–specific 
biomarker fragments were generated in 

patient serum by enzymatic cleavage at 
previously known endoprotease cleavage 
sites	after the blood sample was collect-
ed from the patient (18). Consequently, 
Villanueva et al. propose that the LMW 
biomarkers that they found in this study 
are not expressed directly by the diseased 
tissue but are in fact generated ex vivo by 
proteinase-mediated enzymatic cleavage 
as part of the coagulation and comple-
ment activation pathways. The authors 
explain  that  fragments  of  endogenous 
blood proteins generated ex vivo serve as 
a substrate pool for disease-specific pro-
teinases that arise from the tumor itself 
or within the tumor microenvironment. 
The specific substrates cleaved by the pro-
teinases are themselves degradation prod-
ucts of the clotting cascade. The authors 
hypothesize that the cancer-type–specific 
signatures they detect within the LMW 
portion of the serum peptidome are an 
indirect snapshot of the enzyme activity 
of tumor cells. Therefore, in the authors’ 
view, the resultant peptide signatures are 
composed of what could be considered as 
surrogate markers for the detection and 
classification of certain types of cancer.

Serum as a superior  
biomarker source
The conclusions that may be drawn from 
the Villanueva et al. study (18) have poten-
tially significant implications for the field 
of  biomarker  research  and  commercial 
clinical diagnostics. The authors state that 
it appears that a large part of the human 
serum  peptidome,  as  detected  by  their 

Figure 1
Proteinases generate biomarker fragments. 
Circulating protein fragments generated in the 
diseased tissue microenviroment may serve 
as diagnostic protein markers. Proteolytic 
cascades within the tissue (a product of the 
interacting cellular ecology such as stromal-
epithelial interactions), immune cell MHC 
presentation, or apoptosis generate protein 
fragments that passively diffuse into the circu-
lation. Shed LMW peptides are protected from 
kidney-mediated clearance by sequestration 
on abundant resident blood proteins such as 
albumin. According to the results presented by 
Villanueva et al. (18) in this issue of the JCI, 
diagnostic protein fragments can also be gen-
erated ex vivo by circulating enzymes derived 
from the diseased tissue microenvironment 
acting on exogenously derived peptides pro-
duced by serum collection methodology (see 
Figure 10 in ref. 18).
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bead-mediated analyte capture/MADLI-
TOF MS approach, is produced ex vivo by 
degradation of endogenous substrates by 
endogenous proteinases. Since the diag-
nostic signatures are produced by circulat-
ing, disease-specific proteinases that act on 
their precursor peptide substrates after the 
blood has been removed from the patient, 
proteolytic  degradation  occurring  after 
serum harvesting and after blood clotting 
is necessary for the production of at least 1 
class of LMW biomarkers and should not 
be suppressed by the addition of protein-
ase  inhibitors.  This  recommendation  is 
exactly the opposite of that of many scien-
tists who advocate the immediate addition 
of protease  inhibitors during  the blood 
collection process  to specifically  inhibit 
protease activity believed to contaminate 

the biomarker archive. The relative merit of 
serum versus plasma as the diagnostic fluid 
of choice is hotly debated in the world of 
diagnostic biomarkers. The results report-
ed here by Villanueva et al. suggest that, 
in  contrast  to  serum  collection,  plasma 
collection (which suppresses the clotting 
cascade) will mask the presence of the dis-
ease-associated proteinases that ultimately 
act on the exogenous fragment pool and 
produce the MALDI-TOF diagnostic sig-
natures. Consequently, the authors suggest 
that serum is inherently superior to plasma 
as a source of diagnostic information con-
tained within the peptidome.

Carrier protein–bound peptidome
While Villanueva et al. (18) provide evi-
dence  to  demonstrate  one  method  by 

which the LMW peptidome is created ex 
vivo, there is a growing body of evidence 
that circulating blood already contains 
an  abundance  of  protein  fragments 
apparently derived from cells and tissues 
that are produced in vivo. Previous work 
by Tirumalai et al. (12) and most recently 
by Lowenthal  et al.  (16) has  revealed a 
vast and diverse source of LMW and low-
abundance fragments of cellular proteins 
that are not cleavage products of resident 
serum proteins. This view of  the LMW 
peptidome  is  one  in  which  low-abun-
dance peptide biomarkers produced from 
specific and ongoing tumorigenic pro-
cesses such as apoptosis, tumor-stromal 
interaction, vascularization, immune cell 
infiltration,  and  antigenic  processing 
exist in a sequestered state, complexed to 

Figure 2
Immuno-MS provides a means for rapidly determining the specific size and identity of each member of a panel of peptide marker fragments 
present within patient sera. As part of a high-throughput assay performed in clinical diagnostic laboratories, patient serum would be applied to a 
multiplexed plate of microcolumns filled with antibody-immobilized beads. Each microcolumn captures both the parental and fragment isoforms 
of the candidate marker since they both contain the antibody recognition site. The captured population of analytes, including the fragment(s) with 
potential for disease detection and/or discrimination, are eluted and analyzed directly by MALDI-TOF MS. The presence of the specific peptide 
biomarker at its precise mass/charge ratio (m/z) would be used as a diagnostic test result. This analysis could be performed rapidly by simple 
software that determines if the ion peak is present or absent at the predefined m/z location.
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highly abundant resident blood proteins 
such as albumin (12, 16, 19) (Figure 1). 
The concentration of any LMW analyte in 
the circulation is completely dependant 
on  its  production  and  clearance  rates. 
Given the ability of the glomeruli to effi-
ciently and effectively remove molecules 
smaller than approximately 50 kDa, any 
LMW molecule generated in vivo would 
be cleared rather quickly, thereby reduc-
ing the concentration of the analyte at 
the time the blood is drawn to potentially 
undetectable levels. Sequestration of pep-
tides by resident blood carrier proteins 
with  long  half-lives,  such  as  albumin, 
protects  the  peptides  from  clearance. 
Two recent studies offer a first glimpse 
into the diagnostic potential of the LMW, 
carrier protein–bound biomarker pool. 
Lopez et al. report MALDI-TOF finger-
printing of serum for Alzheimer disease 
detection (20). They harvested albumin-
bound  LMW  protein  fragments  as  the 
direct input for their MS ion fingerprint 
analyses. Alzheimer disease–associated 
fingerprints found in a training set were 
validated using an independent test set. 
The  approach  of  Lopez  et  al.  (20)  was 
distinct from that used by Villeneuva et 
al. (18). A second study investigated the 
identities of LMW, albumin-bound frag-
ments obtained from the sera of ovarian 
cancer patients (16). The authors identi-
fied a  large number of ovarian cancer–
associated peptides	that were different 
from  the  peptides  found  in  high-risk, 
disease-free  subjects.  A  subset  of  pep-
tides was found only in the samples from 
patients  with  stage  1  ovarian  cancer. 
Sequencing of these peptides indicated 
that  they were  fragments of  low-abun-
dance molecules such as BRCA2, tyrosine 
kinases, other signaling molecules, and 
intracellular scaffolding proteins. Thus, 
the endogenous circulating peptidome 
may be potentially redefined as a subset 
of the blood interactome — protein ana-
lytes that exist in the circulation as pro-
tein-protein complexes. Identification of 
the components of the LMW circulatory 
peptidome by MS sequencing provides a 
list of specific analytes that is indepen-
dent  of  the  measurement  technology 
(e.g., MALDI-TOF). Fingerprints of MS 
ions can therefore be replaced with pan-
els of named protein biomarkers. Regard-
less of whether the peptidome is derived 
from  the  tissue/microenvironment  in 
vivo or ex vivo, the implications for the 
diagnostics arena are enormous.

Immuno-MS: the diagnostic platform 
of the future?
Conventional  immunoassay  platforms 
cannot measure panels of analyte frag-
ments.  This  is  because  immunoassays, 
by their very definition, rely on antibody-
based capture and detection methods. An 
antibody-based assay cannot distinguish 
the parent molecule from its cleaved frag-
ments (the latter of which could possess 
the greatest diagnostic potential) since 
the antibody recognizes its cognate epi-
tope  in  both  the  parent  and  fragment 
molecules.  Thus,  the  future  of  frag-
ment-based diagnostics will require the 
invention and adoption of wholly new 
technologies that read out both the iden-
tity and the exact size of the molecule. 
Immuno-MS  is  1  example  of  how  this 
could be achieved (Figure 2). With this 
approach, a microaffinity antibody col-
umn, perhaps in a multiplexed microwell 
format, would first be used to capture the 
parent protein along with any of its frag-
ment isoforms that contain the antibody 
recognition site. Next, the captured frag-
ments would be eluted from the antibody 
column directly into a mass spectrometer 
(such as a MALDI-TOF MS). MS analy-
sis of the eluted peptides would provide 
an extremely accurate mass determina-
tion of the entire population of captured 
peptides. Thus, in only 2 steps, a panel of 
peptide fragments derived from a known 
parent molecule could be rapidly tabu-
lated. Future rounds of investigation into 
the nature and diagnostic potential of 
the serum peptidome will likely uncover 
many more surprises. Nevertheless, based 
on results to date, we now expect that the 
diagnostic potential of the LMW serum 
peptidome will  likely be dependent on 
the  examination  of  the  following:  (a) 
low-abundance, tissue-derived peptides, 
many of which avoid clearance by bind-
ing to carrier proteins; (b) size- and cleav-
age-specific  fingerprints  of  fragments 
derived from cellular parent molecules; 
and (c) now, based on the findings of Vil-
lanueva et al. (18), additional signatures 
of  cleavage  products  produced  ex  vivo 
after blood clotting during serum collec-
tion. Far from drying up, the LMW blood-
borne biomarker pipeline is surging with 
potential.  Nevertheless,  this  potential 
will never be realized unless commonly 
adopted  and  specific  blood  collection 
protocols are implemented across clini-
cal and research laboratories, serum and 
plasma reference sets are developed and 

standardized, instrumentation for mea-
suring panels of specific fragments are 
proven  to be both sensitive and repro-
ducible, and extensive validation of the 
diagnostic utility of these biomarkers is 
examined in clinical trials conducted in 
accordance  with  regulatory  guidelines 
developed  by  the  College  of  American 
Pathologists  and  Clinical  Laboratory 
Improvement Amendments.
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In	the	last	5	years,	global	gene	expression	profiling	has	allowed	for	the	
subclassification	of	the	heterogeneous	disease	of	breast	cancer	into	new	
subgroups	with	prognostic	significance.	However,	for	most	subgroups,	the	
nature	of	the	contributions	of	individual	genes	to	the	clinical	phenotypes	
remains	largely	unknown.	In	this	issue	of	the	JCI,	Moyano	and	colleagues	
further	examine	the	oncogenic	potential	of	the	small	heat	shock	protein	
α-basic–crystallin,	commonly	expressed	in	tumors	of	the	basal-like	breast	
cancer	subtype	associated	with	poor	prognosis,	and	show	that	it	is	an	onco-
genic	protein	in	the	breast	(see	the	related	article	beginning	on	page	261).

Small heat shock proteins
α-Basic–crystallin  (αB-crystallin)  is  a 
member  of  the  mammalian  small  heat 
shock protein (sHsp) superfamily, whose 
10-protein membership is defined by the 
presence of a conserved, approximately 
90-aa region (termed the α-crystallin core) 
with divergent amino- and carboxytermi-
nal domains (1–3). The sHsps function 
as cytoprotective molecular chaperones, 
preventing  stress-induced  aggregation 
of denaturing proteins as well as keep-
ing aggregation-prone proteins in reser-
voirs of nonnative refoldable intermedi-
ates  by  holding  proteins  within  large, 
soluble,  multimeric  structures.  sHsps 
also appear to have a structural role; for 
example,  αB-crystallin  together  with  
α-Acidic-crystallin  comprise  as  much 
as  40%  of  the  cytoplasmic  proteins  in 
lens cells of the eye and are thought to 
play an essential role in maintaining its 

transparency. However,  in other tissues 
in the human body the 2 α-crystallins are 
expressed constitutively at much  lower 
levels. αB-Crystallin shares a close homol-
ogy with another sHsp, Hsp27, and both 
of these proteins are activated in response 
to stresses such as heat shock, radiation, 
oxidative stress, and exposure to antican-
cer drugs. Moreover, both proteins have 
been shown to have antiapoptotic func-
tions by interfering with the activity of 
various  apoptotic  proteins  (2).  Indeed, 
the literature suggests that αB-crystallin 
is important in the pathology of cancer, 
as  overexpression  of αB-crystallin  has 
been observed in gliomas (4), renal carci-
nomas (5), breast carcinomas (6, 7), and 
ductal carcinoma in situ compared with 
matched normal breast tissue (8). Until 
now, the importance of αB-crystallin in 
cancer has been vaguely attributed only 
to its antiapoptotic functions.

αB-Crystallin as an oncoprotein
In this issue of the JCI, Moyano and col-
leagues  demonstrate  properties  of αB-
crystallin not previously described to our 
knowledge  that define  it  as a potential 
oncogenic protein (9). Using various cell-
culture systems, including reconstituted 
3D  basement  membrane  cultures,  they 

report that constitutive overexpression of 
αB-crystallin in 2 human mammary epi-
thelial cell lines, MCF-10A and MCF-12A, 
induced neoplastic-like changes such as 
EGF- and anchorage-independent growth, 
loss of polarity, disorganized acinar struc-
ture, increased proliferation, diminished 
apoptosis, and increased migration and 
invasion (Figure 1). These morphological 
changes were reliant on αB-crystallin over-
expression, since retroviral RNA interfer-
ence–mediated silencing of αB-crystallin 
expression suppressed the abnormal phe-
notype. Moreover, although this transfor-
mation induced the expression and phos-
phorylation of ERK1/2, AKT, and p38, the 
authors show that the neoplastic changes 
were dependent on the ERK/MAPK path-
way, as inhibition of only this pathway by 
highly specific MAPK kinase (MEK) inhib-
itors completely negated transformation. 
Transformation also appears to be depen-
dent on the phosphorylation state of αB-
crystallin,  as  a  pseudophosphorylation 
mutant of αB-crystallin, which mimics 
stress-induced phosphorylation, did not 
confer neoplastic changes. Furthermore, 
the  authors  demonstrate  that αB-crys-
tallin meets one of the “gold standards” 
for classification as an oncogenic protein: 
human mammary epithelial cells overex-
pressing WT αB-crystallin were shown to 
form invasive carcinomas in nude mice. 
In contrast, constitutive overexpression 
of the recognized oncogenes H-RasV12, 
cyclin  D1,  and  erythroblastic  leukemia 
viral oncogene homolog 2 (ErbB2) in these 
cells does not induce tumors in nude mice 
(10–12), suggesting that αB-crystallin is a 
more potent oncoprotein in this model. 
Finally, the authors demonstrate the clin-
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homolog 2; IHC, immunohistochemistry; MEK,  
MAPK kinase; sHsp, small heat shock protein.
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