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Abstract
Proteoform interpretation is necessary for SASP because of secretion as an intact protein, a fully
processed variant, as oxidized, cysteinylated, acetylated, phosphorylated, and fragment proteoforms.
The goal of the present manuscript is the answer to the question about possibility of generation of
defensible validation order using top-down proteomics records of secretomes of senescent, quiescent
and proliferating IMR90 fibroblasts, maintaining Context-Anchored Proteoform Scoring (CAPS)
calculation. The numerical data include combined secretomes records of senescent, quiescent and
proliferating conditions plus seven selective senescent proteoforms: FTL, UBE2V1, HMGA2, DAP,
CCL2, TPM3 and EEF1A1. The senescent and proliferating secretomes were very similar in terms
of the truncated form pressure, with respective values of 0.67954 and 0.67935, while the quiescent
secretome had the lower value of 0.52846. The ratio of senescence-proliferation alignment versus
the senescence-quiescence distance was 0.00125, which implies that the abundance of fragment
forms is not a criterion for senescence selectivity. The leading senescence selective candidates
FTL and UBE2V1 had high leakage-sensitive CAPS values and were relatively easy to confirm.
HMGA2 had the highest number of annotated modification sites (4.63 per 100 residues) and needed
phosphorylation-specific validation, while DAP and CCL2 needed annotation-resolved confirmation.
TPM3 and EEF1A1 remained to be fragment records requiring exploration. To sum up, the answer to
the central question is positive – the records can provide a defensible validation order considering
control-state form pressure, residue span, modification type, mass agreement, and confirmation burden.

Keywords: cellular senescence, SASP, proteoform, top-down proteomics, intact mass, vali-
dation sequence, post-translational modification, secretome

1. Introduction

Cellular senescence is a stress-induced stable cell state during which
cells cease proliferation but actively remodel their local environment
via secretion and vesicle release. Senescence has been implicated in
tumor suppression [1] and wound healing [2], tissue remodelling and
development [2] and fibrosis, chronic inflammation, aging, and age-
related disorders [3]. Biological effects of senescence are primarily
mediated via the senescence-associated secretory phenotype (SASP). It
encompasses cytokines, chemokines and growth factors [4], proteases
and ECM components [5] and alarmins and vesicular contents [6].
Since SASP promotes tissue healing in one context and causes chronic

disease in another, the meaning of any given SASP candidate depends
on cell type, control state and molecular form used.

A major challenge in studying SASP is phenotypical heterogeneity.
Senescent cells do not express one uniform secretome; their secretions
depend on the type of cells, the cause of senescence and the time since
induction [7]; the cell metabolic state, chromatin remodeling, DNA
damage and mitochondria [8]; and experimental conditions and control
type used for discrimination of senescent secretome [9]. A factor
distinguishing senescence from quiescence does not distinguish it from
proliferation. What appears canonical in one system might be absent,
fragmented or altered in another. Recent guidelines on senescence
studies emphasize the necessity to report enough information on the
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experimental context not to interpret individual markers as indicators of
senescence. This is particularly important in secretome proteomics due
to sample preparation, extracellular processing and state-dependant
secretion of SASP molecules.
But the measurement challenge is not only biological but also molecu-
lar. A single gene annotation masks terminal processing, proteolysis,
oxidation, cysteinylation, phosphorylation, acetylation, alternative se-
quence variants and modification uncertainty [10]. While this makes
the information easy to analyze at the pathway level, it is misleading if
a paper claims proteoform-level specificity. A proteoform of a ferritin
light chain with three modifications, a proteoform of a UBE2V1 with
known chemistry, phosphorylated HMGA2 and truncated TPM3 are
different assay problems even if present in the same list of senescence-
specific candidates. Therefore, methods for investigation of senescence
secretome need to maintain distinction between protein abundance,
proteoform identity and validation status [11].
Proteoform-aware proteomics is a direct way of addressing the prob-
lem. The proteoform concept acknowledges that a gene product can
occur as several molecular species resulting from sequence differences
and transcript processing [12] as well as terminal cleavage, proteolysis
and post-translational modifications [13]. Further standardization of
modified proteoforms and peptidoforms emphasizes the necessity to
report the precise molecular form and not just the parent accession or
the gene symbol [14]. For the study of senescence biology, this dis-
tinction is crucial. Oxidative stress, inflammatory signaling, chromatin
remodeling, altered proteostasis and extracellular matrix turnover can
change the chemical and structural state of proteins secreted by senes-
cent cells. The molecule form, not just the parent protein, decides what
further assay is needed to verify integrity of the mass, phosphopeptides,
unknown mass shifts or boundaries of cleavages.
Top-down MS can directly address the problem due to its ability to in-
terrogate intact proteins or proteoforms before enzymatic cleavage thus
preserving information about the intact mass and sequence span [15].
It also preserves the information about the combination of modifica-
tions [16,17] that can be lost in transition from peptides to protein-level
data [18]. Progress in separation technologies, instrumentation, gas-
phase fragmentation and proteoform assignment was achieved in the
last years [19]. At the same time, the problem of true proteoform
characterization is difficult since a table entry can include residue
range, theoretical mass, observed mass, modifications, etc. but still
not disclose all aspects of the isotope envelope quality, charge-state
behaviour, ion support, site localization, replicate dispersion, and chro-
matographic reproducibility [20]. Therefore, each candidate entry is a
lead for validation not a completed claim on biomarker.
The human IMR90 fibroblasts SASP secretome proteomics record
provides form classes at condition level and senescence-selective pro-
teoform candidates measured by top-down mass spectrometry [21].
The PRIDE record PXD061829 identifies the same secretome experi-
ment and its Orbitrap Eclipse acquisition context, while PRIDE and
ProteomeXchange allow downloading the public proteomics record
for the independent review [22]. Condition counts and proteoform
features in this record allow posing a specific research question: can
dual-condition form pressure and chemistry of proteoforms reveal the
set of senescence-selective records ready for immediate validation,
those requiring testing for phosphorylation, those needing annotation
clarification, and those still remaining fragmentary?
No new computational method is introduced. CAPS is applied as
described, and interpretation is based on exact IMR90 condition counts
and seven candidate entries. What is questioned here is not whether
SASP is rich in truncations but whether this feature allows interpreting
truncated forms as senescence-selective when the control cells show
nearly the same amount of such forms. Thus, the order of validation
becomes different. Entries with defined modification annotations and
long spans can remain among the early targets despite a fragment-rich
background, while short fragments require more convincing evidence

of boundary reproducibility and selective presence in senescent cells.
Validation readiness is then treated as weighted proteoform property
that depends on residue span, modification identity, mass agreement,
presence in control and confirmation burden.

2. Materials and Methods

2.1. Condition Counts and Proteoform Records

The analysis used the IMR90 fibroblast secretome condition counts
and the seven specified senescence-selective proteoform records from
the top-down mass spectrometry SASP study [21]. Independent verifi-
cation through PRIDE deposition is consistent with established mass-
spectrometry data sharing standards [22]. The analysis uses only the
condition counts, residue ranges, masses, modification annotations,
and control trace notes reported for the records considered here. Raw
spectra, proprietary peak lists, replicate intensities, chromatograms,
and additional output were not reprocesed.
The record set consisted of two parts. The condition part included four
secretome conditions: combined, senescent, quiescent, and prolifer-
ating. For each condition, the preserved counts were signal-peptide-
truncated intact class forms, first methionine-truncated intact class
forms, intact class forms without any processing, total intact class
forms, and total truncated forms. The candidate part included seven
proteoforms which have been found in at least three senescent repli-
cates and not in automated outputs of quiescent and proliferating con-
ditions. For each candidate, the preserved data fields were accession,
gene symbol, protein description, modification annotation, residue
range, theoretical monoisotopic mass, and observed proteoform mass.
Low level proliferating traces of each candidate were transformed into
sensitivity flags rather than treated as quantitative measurements.
The seven candidates are FTL, UBE2V1, HMGA2, DAP, CCL2,
TPM3, and EEF1A1. FTL and UBE2V1 are relatively long prote-
oform records with defined modification annotations. HMGA2 is a
chemically complex, phosphorylation-rich record. DAP and CCL2 are
records with annotation uncertainty which complicates interpretation.
TPM3 and EEF1A1 are short records with no immediate biomarker
value due to their residue range and lack of modification annotations.
The seven records therefore require candidate specific validation rules
rather than simple abundance comparison.

Table 1: Evidence inventory.

Record
group Specific fields used Calculated descriptors

Condition
form records

Signal-peptide-truncated intact forms,
first-methionine-truncated intact forms,
unprocessed intact forms, total
intact-class forms, total truncated forms

Form pressure, intact-class share,
senescence-quiescence distance,
senescence-proliferation distance,
dual-control alignment ratio

Candidate
chemistry
records

Gene, accession, residue interval,
theoretical mass, observed mass,
modification annotation, control-trace
flag

Residue span, mass residual, strict
CAPS, leakage-sensitive CAPS,
modification density,
known-modification density,
confirmation burden

Validation
order records

Candidate identity, conservative score,
chemical specificity, control sensitivity

Validation sequence index and
assignment to immediate,
phosphorylation-specific,
annotation-resolved, or exploratory
follow-up

As shown by the evidence inventory in Table 1, the validation order-
ing depends on the contribution of each record type. Condition-form
counts determine whether there is an intact-rich or fragment-rich envi-
ronment that applies to the seven candidate proteoforms. Candidate
chemistry decides whether there is enough residue span, mass compat-
ibility, and modification specificity in FTL, UBE2V1, HMGA2, DAP,
CCL2, TPM3, or EEF1A1 to warrant any further analysis. Validation-
order records ensure that a gene name does not stand for good evidence
when the identity of the proteoform is still ambiguous.
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2.2. Condition-Level form Pressure

The intact-class count Ic for each condition c was computed as follows:

Ic = Sc +Mc +Nc, (1)

where Sc denotes signal-peptide-truncated intact forms, Mc denotes
first-methionine-truncated intact forms, and Nc denotes unprocessed
intact-class forms. The total observed form count was calculated as

Oc = Ic +Tc, (2)

where Tc is the total truncated-form count. The truncated-form pressure
was then defined as

Fc =
Tc

Oc
, (3)

and the complementary intact-class share was

Gc = 1−Fc =
Ic

Oc
. (4)

The form pressure value is a contextual metric as opposed to a mecha-
nistic metric. It does not specify a protease, demonstrate intracellular
or extracellular cleavage, or separate true biological process from
detection artifact. Rather, its task is to describe whether the list of can-
didates is coming from an environment that is either fragment-rich or
intact-rich. This point becomes crucial when interpreting secretomes
since there may be processes taking place outside the cells leading to
the presence of processed products.

2.3. Proteoform Scoring Anchored by Context

The residue span Li for each candidate proteoform i was determined
from the residue interval:

Li = ri,last − ri,first +1. (5)

The absolute monoisotopic mass residual was calculated as

Ei =
∣∣Mi,obs −Mi,theo

∣∣ . (6)

The total number of modifications, P∗
i , was determined based on the

annotation string. The known number of modifications, K∗
i , consisted

of N-terminal acetylation, cysteinylation, oxidation, and phosphoryla-
tion. The unknown modifications were considered modification events
but not known events, since it is necessary to differentiate between
specified modifications and unknown mass shifts in proteoform [20].
The known modification fraction is defined as

Ki =

{
K∗

i /P∗
i , P∗

i > 0,
0.5, P∗

i = 0.
(7)

A neutral value of 0.5 for unmodified records prevents absence of a
PTM annotation from being interpreted as either full confidence or
complete uncertainty.
The bounded CAPS components were calculated as

Bi = min
(

Li

100
,1
)
, (8)

Ci =
Li

Lmax
, (9)

Pi = min
(

P∗
i
5
,1
)
, (10)

Ai = 1−min
(

Ei

1.5
,1
)
, (11)

where Lmax is the largest residue span among the seven candidates.
The strict CAPS value was

CAPS(0)
i = 100(0.25Bi +0.20Ci +0.25Pi +0.15Ki +0.15Ai) .

(12)

The leakage-sensitive CAPS value was

CAPS(L)
i = ηiCAPS(0)

i , (13)

where ηi = 1 for candidates that lack low-level control traces and
ηi = 0.80 for candidates that possess low-abundance proliferating
traces.
The CAPS score is not a replacement for experimental confirmation.
It is a deterministic ranking score that is based on listed table fields.
Candidates that possess adequate sequence span, relative coverage,
modification annotations, clear identification of modifications, and
superior mass agreement will have higher CAPS scores. The leakage-
sensitive parameter will impose an additional conservative penalty
when a candidate is possibly not entirely excluded from proliferating
control samples. The need for conservative treatment is especially
critical in view of the differences in behavior of top-down secretome
records in terms of peak detection and deconvolution [23] and low-
abundance feature identification [20].

2.4. Dual-Control Form-Alignment Analysis

In condition-level analysis, senescence was contrasted with both quies-
cent and proliferating controls. Two distances were computed:

DS,Q =
∣∣FS −FQ

∣∣ , (14)

DS,P = |FS −FP| . (15)

The senescence-proliferation alignment ratio was defined as

RS,P =
DS,P

DS,Q
. (16)

The complementary separation share was

ΘS =
DS,Q

DS,Q +DS,P
. (17)

A small value of RS,P implies that senescence and proliferation are
highly correlated along the truncated-form axis despite the difference
between senescence and quiescence. A high value of ΘS means that
most of the condition separation was achieved through senescence-
quiescence distance rather than separation from proliferation. Such
calculations have been done deliberately, since there were no other
ways to work with the input, which were merely counts in the tables.
Their main advantage is in the prevention of misinterpreting fragment
abundance as senescence.

2.5. Modification Density per Residue

Although CAPS features the modification burden feature, the same
number of modifications in a short and in a long proteoform means
something completely different. Hence, the following values were
calculated:

MDi = 100
P∗

i
Li

, (18)

KMDi = 100
K∗

i
Li

. (19)

The above descriptors represent annotations of events per 100 residues.
They do not represent an attempt at defining stoichiometry, site local-
ization probability, or function implication. These are descriptors of
candidates where chemical annotation is denser than the size of the
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sequence and hence, are likely to need a customized validation strategy.
This is especially relevant for phospho candidates since the context and
localization probability of phosphorylation sites may vary widely from
total protein abundance [24, 25]. The biological significance of these
proteins may also differ from that of the total protein abundance [26].

2.6. Confirmation Burden and Validation Sequence Index

Descriptor of confirmation burden represents the challenge faced while
taking candidates from evidence listing to targeted validation process.
The leakage indicator was defined as

Zi =

{
0, ηi = 1,
1, ηi = 0.80.

(20)

The confirmation burden was then calculated as

CBi = 100 [0.40(1−Ai)+0.35(1−Ki)+0.25Zi] . (21)

The mass-concordance factor gets the biggest weighting since the mass
residual is important to the confidence of intact-form identification.
The annotation uncertainty factor gets the second largest weighting
since unknown or partially known modification patterns need structural
validation. The leakage factor gets a small but definite weighting be-
cause control features at the lowest level influence candidate selection.
The validation sequence index prioritizes both caution and validation
effort:

VSIi = CAPS(L)
i

(
1− CBi

200

)
. (22)

The value of 200 for the denominator makes the burden correction
moderate rather than exclusionary. A candidate with a good CAPS
score and a low burden stays early in the validation sequence, while
a chemically interesting candidate with high burden is steered into a
specific confirmation pathway.

2.7. Categories of Validation

The validation categories were determined based on the combined
values of leakage-resistant CAPS, modification density, burden, and
biological interpretability. The immediate candidates had both high
conservative CAPS and low confirmation burden. Phosphorylation-
specific validation was reserved for the candidates with a distinctive
modification profile relying either on high density of phosphorylation
sites or on specific evidence of PTMs. The annotation-resolved can-
didates needed additional information from their table entries about
the exact composition and identity of their modifications. The ex-
ploratory fragments with small residue spans or poor proteochemistry
were suitable for the future cleavage study but were not recommended
for immediate assay development.
The categories did not reflect biological importance ranking. They
reflected only the logic of the validation process. For instance, the well-
known product of an inflammatory gene was considered the annotation-
resolved candidate if there was no certainty about the identity of its
proteoforms, whereas a less famous protein with specific evidence
could be immediately validated. Such an approach was consistent
with the requirement of the need for proteoform-specific claims for
proteoform-specific evidence [19] especially if candidate selection
started from top-down measurement of listed proteins [20].

3. Results and Discussion

3.1. Condition-Level form Pressure Revealed Proliferative
form Composition

The condition block consisted of 201 intact-class proteoforms and
317 truncated proteoforms in total from the joint condition block

record. The senescent secretome had 83 intact-class forms and 176
truncated forms, representing 259 total forms and truncated form
pressure 0.67954. The quiescent secretome had 116 intact-class forms
and 130 truncated forms, representing 246 total forms and truncated
form pressure 0.52846. The proliferating secretome had 118 intact-
class forms and 250 truncated forms, representing 368 total forms and
truncated form pressure 0.67935. These numbers are shown in Table 2
and illustrated in Figure 1.

Table 2: Condition-level form pressure.

Condition Ic Tc Oc Fc Gc |FS −Fc|
Senescent 83 176 259 0.67954 0.32046 0.00000
Quiescent 116 130 246 0.52846 0.47154 0.15108
Proliferating 118 250 368 0.67935 0.32065 0.00019
Combined 201 317 518 0.6120 0.3880 –

Figure 1: Proteoform composition by condition.

From the composition display in Figure 1, it is apparent that intact-class
fraction is higher in quiescence, while senescence and proliferation
both carry about the same level of truncated-form abundance. In
the process, this graph also makes clear the control state for the late
candidate: truncation is common in senescence but is not a senescence-
specific phenomenon.
The essential point of Table 2 is not just that senescence is fragment-
rich, but that proliferation is fragment-rich to the same extent. The
senescence-quiescence distance was 0.15108, while the senescence-
proliferation distance was 0.00019. The resulting ratio RS,P was
0.00125, while separation share ΘS was 0.99875. Nearly all separation
was, therefore, attributable to the comparison between senescence and
quiescence. As a result, proliferation controls nearly overlapped with
the senescent samples.
The intact-class fractions reinforce this point of view. Both senes-
cence and proliferation were almost equally fragment-rich, with intact-
class fractions of 0.32046 and 0.32065 respectively, while quiescence
retained a higher intact-class fraction of 0.47154. In this scenario,
the contrast is not between a fragment-rich senescence state and an
otherwise intact non-senescent state. The three-state scenario sees
quiescence being distinct, and proliferation closely following senes-
cence on the form-pressure scale. As a consequence, the combined
condition record, with 201 intact-class forms, 317 truncated forms
and a form pressure of 0.6120, falls in between the quiescent and
fragment-rich states and hence cannot serve as a sufficient control state
for senescence specificity. Any validation sequence that ignores the
above structure will favor fragments simply based on the fact that they
appear in senescence but overlook the fact that truncation itself is a
fragment-rich state characteristic of the condition block.
The distance figure itself affects how candidate classes should be
interpreted. Since the senescence-proliferation distance of 0.00019
is about 800 times lower than the senescence-quiescence distance

4



M. P. Doyle, S. Pratab LC GC N. Am., 44(2) 2026: 01-11

of 0.15108, this does not disprove senescence-selective candidates.
Rather, it shifts the burden of proof for different candidates. Long-
span records with defined modification annotations can still be favored
since they define identity beyond the fragment-rich background. Short
fragments, on the other hand, require evidence that the span and mass
of the fragment is uniquely associated with senescence and not just the
fragment-rich background shared with proliferating cells. Therefore,
the condition block serves as a control-state guardrail for all future
candidate interpretation.
The distance plot in Figure 2 provides the key control-state result.
While a senescent-versus-quiescent comparison reveals increased trun-
cated form pressure, senescent-versus-proliferating comparison does
not provide similar results since both distances are almost identical.
The above pattern aligns with broader literature that shows that SASP
interpretation depends on the choice of control state [27] and senes-
cence context [6]. This explains why candidate-level chemistry is
crucial: a fragment loses significance if the proliferating condition
contains almost the same form-pressure background.

Figure 2: Dual-control form-pressure distance.

Consequently, Figures 1 and 2 reveal why candidate table needs to be
read with a dual-control guardrail. Rather than reducing the impor-
tance of the candidate table, the above result changes the standard for
candidate interpretation. Proteoform becomes more significant if its
selectivity is confirmed through residue span, modification identity,
mass residual, and leakage sensitivity and not merely through trunca-
tion. This consideration is especially relevant for proteins related to
stress response, cytoskeleton turnover, secretion and extracellular mod-
ifications because such records can appear in multiple non-senescent
stress states. Therefore, dual-control calculation provides a safety
measure for one of the most common mistakes in secretome analysis:
treating the presence in disease/stress-related samples as evidence of
state specificity without considering the control state structure.

3.2. CAPS Separated Long-Span Candidates from Ex-
ploratory Fragments

Seven candidate records contained considerable variation in terms
of residue span, modification annotation, mass residual, and leakage
sensitivity. FTL had the largest residue span of 174 residues followed
by UBE2V1 (146 residues), HMGA2 (108 residues) and DAP (101
residues). CCL2 spanned 76 residues while TPM3 and EEF1A1 con-
tained 26 and 25 residues respectively. Residue span ranged from 0.980
Da (CCL2) to 1.239 Da (FTL). Annotations generated modification
count of zero to five, with HMGA2 having the largest count.
The identity strip in Figure 3 depicts the candidates as records of the
molecular sequence rather than simply as genes. FTL and UBE2V1 are
the long-span records with known modifications, HMGA2 is marked
by clustered phosphorylation, DAP and CCL2 have uncertain annota-
tion, while TPM3 and EEF1A1 are represented by short non-modified
fragments. This distinction clarifies why the validation order must

keep the residue span and chemical state rather than grouping all the
records into their parent genes.

Figure 3: Candidate proteoform identity.

The CAPS descriptors in Table 3 separate immediate candidates from
those requiring specific validation due to their special characteristics.
FTL and UBE2V1 share long sequence span, known modifications and
no leakage penalty. The HMGA2 is chemically significant with strict
CAPS value of 82.39. The leakage-sensitive value is equal to 65.92 as
low-level proliferating traces require cautious approach. It must not
be interpreted as lack of biological significance but the requirement
of a phospho-aware validation strategy for this candidate. The DAP
and CCL2 belong to an intermediate group where the combination of
span and biological plausibility is not sufficient in the case of unknown
annotation. Finally, TPM3 and EEF1A1 remain in the low-priority
category because of their insufficiently long spans.

Table 3: CAPS candidate descriptors.

Gene Accession Span Mass error P∗
i K∗

i CAPS(0) CAPS(L) Candidate status
residues Da

FTL P02792 174 1.239 3 3 77.61 77.61 Immediate
UBE2V1 Q13404 146 1.027 2 2 71.51 71.51 Immediate
HMGA2 P52926 108 1.002 5 5 82.39 65.92 Phosphorylation-specific
DAP P51397 101 1.007 2 1 59.04 47.23 Annotation-resolved
CCL2 P13500 76 0.980 1 0 37.94 37.94 Annotation-resolved
TPM3 P06753 26 1.007 0 0 21.92 21.92 Exploratory
EEF1A1 P68104 25 1.007 0 0 21.55 21.55 Exploratory

This distinction between the candidates corresponds to the proteo-
form logic in top-down proteomics [28, 29] where whole protein or
large proteoform measurements have a particular value in preserving
molecular specificity [13] that cannot be achieved in peptide-centric
and gene-name-centric analyses. FTL and UBE2V1 retain sufficient
sequence and annotation information for early targeted analysis. The
HMGA2 retains the PTM pattern but requires phospho-aware confirma-
tion. Fragment records can be significant as well, but a fragment-heavy
proliferating control environment does not support them as immediate
markers of senescence.
The retained CAPS values demonstrate that the priority of the candidate
is not determined by one value. Both FTL and UBE2V1 did not
have any leakage penalty, and thus, their strict and leakage-sensitive
CAPS values coincide: 77.61 and 71.51 respectively. The FTL has
the largest span of 174 residues, 3 counted modification events and
3 known events with the mass residual of 1.239 Da. The UBE2V1
has 146-residue span, 2 counted and 2 known modification events and
a small mass residual of 1.027 Da. As a result, the two candidates
carry different advantages: FTL has the largest sequence span, while
UBE2V1 has the lowest confirmation burden. Thus, their common
immediate status is not arbitrary but a result of long sequence coverage,
known chemical annotation and lack of the control-trace penalty.
The HMGA2 candidate demonstrates the opposite behavior: having
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the largest strict CAPS value of 82.39 because it has 5 known modifi-
cation events in 108-residue span, the low-level proliferating trace has
reduced its leakage-sensitive CAPS value to 65.92. The DAP has lost
its priority by the same reason, being reduced from the strict CAPS
value of 59.04 to the leakage-sensitive value of 47.23. The CCL2
has not received the penalty for the leakage because it has no leakage
penalty and the shorter 76-residue span and unknown modification
annotation. The value of its CAPS is equal to 37.94. Finally, the short
span of 26 residues and absence of counted modification evidence in
the records of TPM3 and EEF1A1 have left them low priority. In other
words, the ranking of the seven candidates is defined by their actual
chemistry and not by the familiarity of the gene symbols.
The component fingerprint in Figure 4 shows why the candidates with
the similar priorities are distinguished by the different proteoform
properties. The FTL has the strongest support provided by the span
and known modification identity. The UBE2V1 candidate has the
balance between the span and mass concordance. The HMGA2 has the
strong contribution of the modification burden but gets the moderation
by leakage sensitivity. The DAP, CCL2, TPM3 and EEF1A1 lose
their priorities by annotation uncertainty, shorter span or both of them.
In other words, the matrix transforms the score into the interpretable
proteoform record.

Figure 4: CAPS component fingerprint.

3.3. Modification Density Revealed a Chemically Distinct
HMGA2 Signal

Residue-normalized modification density gave a different perspec-
tive on the candidate chemistry. FTL and UBE2V1 maintained top
scores due to well-known modifications and long residue spans, while
HMGA2 became obviously anomalous in terms of chemical concen-
tration. HMGA2 has five known modifications among 108 residues,
which makes up total and known modification density of 4.63 per 100
residues. FTL has three known modifications among 174 residues,
which gives the density of 1.72 per 100 residues. UBE2V1 has two
known modifications among 146 residues, making up 1.37 events per
100 residues. DAP has two total events among 101 residues but only
one known event, making up total and known densities of 1.98 and
0.99 per 100 residues respectively. CCL2 has one total event among
76 residues but no known events according to the annotation rule, re-
sulting in densities of 1.32 and 0 per 100 residues respectively. TPM3
and EEF1A1 have no modifications in counts.
The modification-density plot in Figure 5 separates the chemical con-
centration measure from the overall candidate priority. HMGA2 be-
comes the top high-density record, having 4.63 annotated events per
100 residues, while FTL and UBE2V1 represent a combination of low
density and assay readiness. DAP and CCL2 represent the middle
total-density region but lose interpretative power due to unclassified
modification evidence. TPM3 and EEF1A1 have zero density. Such
a result allows the practical recommendation that HMGA2 should be

validated as phosphorylated proteoform rather than a total-HMGA2
abundance signal.

Figure 5: Modification-density distribution.

The high modification density of HMGA2 is biologically plausible
considering the role of the protein in chromatin organization in senes-
cence. HMGA proteins have been associated with chromatin structure
and behavior of senescence-associated heterochromatin [30]. Mod-
ifications around nuclear localization or chromatin-binding regions
may affect protein localization and interaction, which is generally
shown for the case of nuclear import and protein trafficking regula-
tion [31]. The comparison with the role of HMGB1 is also relevant
since senescence-associated alarmins release may be related to protein
retention in nucleus and controlled secretion [32]. These facts do
not constitute a proof of any export pathway for HMGA2, but they
create a rational background to choose HMGA2 for validation as a
phosphorylated proteoform rather than total protein detection.
The modification density also explains why DAP and CCL2 should not
be suggested based on gene-level reasoning. DAP has a moderate total
density, however, only half of its modification evidence is classified as
known modification according to the chosen rule. CCL2 is an obvious
inflammatory chemokine, and chemokine biology is clearly relevant
for SASP. However, the candidate record has an unknown modification
and shorter residue span. Thus, the question to address for CCL2 is not
if CCL2 is a known inflammatory mediator, but whether the detected
CCL2 proteoform has confirmed identity, consistent mass assignment
and senescence selectivity. This distinction saves the analysis from
confirmation bias towards recognizable SASP names.

3.4. The Confirmation-Burden Computation Turned Priori-
tization into Validation

The confirmation-burden computation added an aspect of realism to
the ranking process. UBE2V1 had the smallest burden of 27.39 since
it is known to have annotation, good mass correlation, and lack of
leakage penalty. The burden of FTL was 33.04 and this was due to
large mass residual but balanced with good annotation and lack of
control-trace penalty. HMGA2 had a burden of 51.72 since it had a
good chemical signal but the presence of control-trace penalty reduced
it. DAP had the largest burden of 69.35 since it had leakage sensitivity
as well as partial annotation uncertainty. The burden of CCL2 was
61.13 since there was uncertainty about the modification of the protein
under the counting rule. TPM3 and EEF1A1 each had a burden of
44.35 because their unmodified status was treated neutrally but their
mass-concordance weakness remained.
The readiness order in Figure 6 separates the seven records into four
assay classes. FTL and UBE2V1 belong to the immediate class, since
both involve highly leakage-sensitive CAPS with acceptable confir-
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mation burdens. HMGA2 belongs to a phosphorylation-specific class,
whose value is based on the modified proteoform, rather than the
overall protein abundance. DAP and CCL2 belong to an annotation-
resolved class, while TPM3 and EEF1A1 are short-fragment candi-
dates for later boundary testing.

Figure 6: Candidate readiness order.

The validation descriptors in Table 4 should be considered a validation
readiness sequence, not a sequence of biological relevance. FTL and
UBE2V1 are prioritized at the top, because they are the most validation-
ready candidates in the listed evidence structure. HMGA2 is ranked
at the third position not because of its lower biological interest, but
because it requires a special assay which can resolve the phospho-
forms and assess low-level traces. DAP and CCL2 are ranked after
because annotation uncertainty should be solved before their use to
conclude about the mechanism. TPM3 and EEF1A1 are retained, but
due to their short span and poor chemistry, cannot be used as primary
validation targets. This distinction reflects the present senescence-
marker guideline: a molecular readout should not be promoted as a
state marker until the knowledge about its context, detection basis, and
specificity limitations are clarified [6, 9].

Table 4: Validation descriptors and candidate sequence.

Gene MD KMD CB VSI Order Validation interpretation
per 100 residues per 100 residues

FTL 1.72 1.72 33.04 64.79 1 Immediate intact-form validation
with modification-aware readout

UBE2V1 1.37 1.37 27.39 61.72 2
Immediate long-span proteoform
assay with proteostasis-focused
interpretation

HMGA2 4.63 4.63 51.72 48.87 3 Phosphorylation-specific follow-up
after control-trace evaluation

DAP 1.98 0.99 69.35 30.85 4 Annotation-resolved confirmation
before mechanistic ranking

CCL2 1.32 0.00 61.13 26.34 5
Chemokine proteoform identity
check before inflammatory
interpretation

TPM3 0.00 0.00 44.35 17.06 6 Exploratory fragment retained for
later cleavage-focused assays

EEF1A1 0.00 0.00 44.35 16.77 7 Exploratory fragment retained for
later stress-processing assays

The burden decomposition in Figure 7 explains why the follow-up
difficulty of candidate does not scale with CAPS only. UBE2V1 and
FTL have lower confirmation burden because of known modifications

and low level of control traces. HMGA2 has larger burden, since
the phosphorylation-rich signal needs to be checked against prolif-
erating traces. DAP and CCL2 need the largest amount of identity
work because annotation uncertainty is the direct contributor to the
confirmation burden. The confirmation burden values for TPM3 and
EEF1A1 are moderate, but they stay at low priority because of short
spans and weak chemistry of their proteoforms.

Figure 7: Confirmation-burden components.

The sequence plate in Figure 8 shows the final order as candidate-
specific assignments. FTL and UBE2V1 take leading positions because
of their long spans and known modifications. HMGA2 is kept in the
prominent position because of its phosphorylation density. DAP and
CCL2 are kept in the plate after resolving annotation uncertainty, while
TPM3 and EEF1A1 are retained for fragment-boundary testing. This
plate makes it impossible to interpret the validation sequence as a
protein list, since each row describes specific molecular reasons for
keeping the particular record.
This result fits well with practical requirements of targeted proteomics.
Candidate selected for follow-up needs to be transformed into assay.
Parallel reaction monitoring and selected reaction monitoring can
quantitatively measure proteins or peptides in a reproducible way [33,
34]. Data-independent acquisition and targeted extraction can provide
alternative solutions [35, 36], but proteoform-specific claims require a
very careful selection of transitions, precursor forms, fragment ions,
modifications-specific evidence, and proper controls. Skyline and
other similar tools allow making targeted proteomics easier, but still
depend on a molecular target [37]. In this case, the validation sequence
provides the necessary triaging before building an assay.

Figure 8: Validation sequence index.
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3.5. FTL and UBE2V1 Warrant Immediate Long-Span Val-
idation

FTL had the highest rank in the validation sequence, with a leakage-
adjusted CAPS of 77.61, confirmation burden of 33.04, and validation
sequence index of 64.79. It has the longest span of 174 residues and
complete modification annotation. Its biological interpretation should
be careful: FTL is a protein involved in iron metabolism, oxidative
stress, and inflammatory response that all play a role in SASP biology.
But while the calculation validates the detected proteoform, it does
not validate a general statement about total abundance of FTL being
a marker of SASP. An appropriate validation assay should aim to
preserve the intact form or modification annotation whenever possible.
UBE2V1 ranked second with a leakage-adjusted CAPS of 71.51, the
lowest confirmation burden of 27.39, and validation sequence index of
61.72. Residue span of 146 and known modification annotation make
UBE2V1 a strong candidate for immediate validation. The relevance
to proteostasis biology is plausible due to ubiquitination and NEDD8-
stress-response mechanisms being often affected during aging [38].
While CAPS result does not show any specifics of a pathway of ubiq-
uitination in the secretome, it confirms that the UBE2V1 proteoform
has enough coherence regarding span, modification annotation, and
mass agreement to warrant targeted confirmation.
Both FTL and UBE2V1 belong to the same validation class, since
they depend less on PTM localization, and have no unknown anno-
tation unlike DAP and CCL2. They are therefore good candidates
to determine whether the same proteoform records can be validated
in a targeted manner. Failure of validation of either candidate would
reduce confidence in lower-ranked candidates; success of validation
of both would allow rational transition to more specialized PTM and
annotation-validation experiments.

3.6. HMGA2 Demands Phosphorylation-Specific Confirma-
tion

HMGA2 has the most chemical diversity among candidates in the
analysis. Strict CAPS of 82.39 made it the candidate with the highest
CAPS in the analysis. Moreover, it has the highest modification density
of 4.63 events per 100 residues, being more than twice higher than
in FTL and UBE2V1. The conservative leakage adjustment brought
its CAPS to 65.92, and confirmation burden was 51.72. This places
HMGA2 below FTL and UBE2V1 in the validation sequence, but
above all annotation-resolved and exploratory candidates.
The key point here is that HMGA2 is not a target for measuring total
protein abundance. Its candidate signal is a phosphorylated proteoform
signal. If the validation procedure involves an assay that cannot distin-
guish phospho-HMGA2 from the total protein, it will not confirm the
original observation. An appropriate approach here would be an intact
form or targeted MS, as well as phospho-specific enrichment where
applicable, and fragment-ion confirmation of the phosphorylation re-
gion. This makes the candidate highly valuable, but increases assay
burden considerably compared to FTL and UBE2V1.
The conclusion corresponds to the existing body of knowledge re-
garding senescence associated chromatin regulation. HMGA-family
proteins are involved in chromatin organization, and HMGA2-related
modifications have been linked to the senescence associated nuclear
state [39]. Secretome context also allows assuming that altered local-
ization and release can be involved as the part of SASP. Similar ques-
tions arise when considering HMGB1, an alarmin whose senescence-
associated release was investigated in terms of nuclear regulation and
inflammatory signaling [40]. These examples support the interest in
the target, but do not prove the localization or release mechanism. The
conclusion is that phosphorylation-specific validation experiment is
warranted.

3.7. DAP and CCL2 need Annotation-Resolved Interpreta-
tion

DAP and CCL2 exemplify cases where biological knowledge alone
is not enough for correct candidate selection. DAP had a leakage-
sensitive CAPS value of 47.23 and confirmation burden of 69.35.
Residue span was adequate for both proteins. However, only one out
of two counted modification events could be considered known. High
confirmation burden means that DAP should not be used as a potential
anchoring point at once and needs an annotation resolution with the
help of targeted fragmentation or another orthogonal technique.
CCL2 had a somewhat lower leakage-sensitive CAPS value of 37.94
and a confirmation burden of 61.13. From the gene level perspective,
CCL2 is a promising candidate since chemokines play important role
in inflammatory SASP biology. However, at proteoform level, CCL2
record is much less ready for a use in a mechanistic study. The 76-
residue span is shorter than the major long-span candidates, and the
modification annotation is unknown in this classification. Thus, a
CCL2 follow-up assay must start with the proteoform identification
and confirmation of the mass shift. Only then the record can be used
as evidence of a certain inflammatory SASP proteoform.
The findings for DAP and CCL2 show one of the important benefits of
a control-aware proteoform sequence. Conventional discussion of the
results would pay more attention to CCL2 because it is a well-known
inflammatory mediator. In the control-aware validation sequence, how-
ever, the molecular record is appropriately constrained by molecular
evidence. That does not mean that CCL2 lacks biological significance.
It just prevents an overstatement. A proteoform-level manuscript
should not let the popularity of a gene symbol affect the candidate
order.

3.8. TPM3 and EEF1A1 are Exploratory Fragment Records

TPM3 and EEF1A1 are ranked sixth and seventh in the validation
sequence. TPM3 has a span of 26 residues, no counted modifications,
leakage-sensitive CAPS value of 21.92, and validation sequence index
of 17.06. EEF1A1 has a span of 25 residues, no counted modifications,
leakage-sensitive CAPS value of 21.55, and validation sequence index
of 16.77. Their confirmation burdens are not among the largest ones
in the panel due to neutral treatment of unmodified records in accor-
dance with the known modification fraction rule. The low indices of
these candidates are explained by the relatively short span and lack of
proteochemical information.
The two records should not be discarded. Fragment records may
report biologically significant cleavage, extracellular processing,
stress-induced proteolysis, or sample state difference. However, the
condition-level analysis makes their interpretation quite problematic.
Proliferating secretomes were practically the same as the senescent
ones in terms of truncated form pressure. Thus, fragments need a
particularly strong evidence before being considered as a proof of the
senescence selectivity. TPM3 and EEF1A1 should be retained for
later analyses that are focused on the origin of the fragment, cleavage
boundaries, and the candidate behavior in control conditions. They
should not be ranked above long-span proteoforms with clear chemical
annotation.
This ranking reflects a practical consideration that is useful in top-
down secretome studies. Fragment records are valuable in the case
of consistent cleavage patterns, condition specificity, and mechanistic
context. In the absence of this context, they are worse candidates for
biomarkers than long-span, chemically coherent proteoforms. That is
why the validation sequence is conservative. It protects the downstream
experiments from spending assay development resources on fragments
that may represent a general proteolytic or extracellular processing
pressure rather than senescence-specific secretion.
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3.9. Implications for SASP Biomarker Development

The main implication of this analysis is that the proteoform-level SASP
biomarkers require a two-layer selection logic. The first layer asks
whether the condition context is suitable for the senescence-specific
interpretation. The second layer asks whether the molecular record
is specific enough to be considered a good candidate for the targeted
validation. The two layers are independent. A candidate may be
listed in a senescence-selective table, but it may be weak due to the
ambiguous condition context or chemically unresolved proteoform
identity. On the contrary, a candidate may have good validation value
despite having an unfamiliar gene name.
This logic fits with the development of aging biomarkers and senes-
cence interventions. Senescent cells are increasingly considered
as contributing factors to age-related pathology and therapeutic tar-
gets [41, 42]. The secretome measurements are interesting due to the
accessibility of extracellular molecules. But the accessibility is not
equal to the specificity. SASP measurements can be confused by the
existence of several proteoforms or missed by total abundance assays.
Top-down measurements can help with this issue, but the candidates
should be filtered out before performing expensive validation assays.
The validation sequence also allows determining the optimal assay
technology. FTL and UBE2V1 are candidates that can be investi-
gated with intact-form aware or modification-aware targeted method.
HMGA2 requires phosphorylation-specific confirmation. DAP and
CCL2 need annotation-resolved experiments before making a claim
about the mechanism of their secretion. TPM3 and EEF1A1 require
fragment-focused follow-up if they are still interesting. This way, the
candidates are mapped to the specific validation problem instead of
being analyzed with the same protocol.

3.10. Assay Design Consequences of the Validation Se-
quence

The validation sequence has implications for experimental design.
For both FTL and UBE2V1, the key point of the next experiment is
consistent detection of the same span proteoform records in senescence
and control secretomes. Since both of them already have annotation of
the modification sites and no leakage penalty, the question is whether
it is possible to recover the listed molecular forms with acceptable
consistency under targeted acquisition mode. In case of the intact
protein or middle-down approach the best choice, while a peptide-
based design will require special attention to selecting peptides that
don’t destroy the molecular form responsible for the record. In case
of peptide-based assay the record should be considered as supporting
abundance evidence but not as confirmation of the molecular form.
For HMGA2 the design issue is quite another. It is not HMGA2, but
its dense phosphorylation that is supposed to be validated in a cer-
tain span proteoform record. Therefore, the right approach will be a
phospho-sensitive workflow rather than a total-HMGA2 quantification.
In addition, the control trace sensitivity makes proliferating samples
inappropriate to use as a secondary comparator since the form pressure
analysis showed near-total agreement between senescent and prolif-
erating environments for truncated forms. So the right design will be
including proliferating samples in the main group with equal priority.
Consequently, the order of the assays is not ambiguous regarding the
experimental design since it does not include the ambiguous narrative
category. Firstly, FTL and UBE2V1 must be tested for the recovery
of the same span proteoform records in senescent, quiescent and pro-
liferating secretomes. Secondly, HMGA2 must be validated with a
phospho-sensitive design. Thirdly, DAP and CCL2 must have their
identity clarified before the pathway interpretation since they lack
complete annotation of modifications. Lastly, TPM3 and EEF1A1
are the boundary fragment candidates, so they require fragmentation
confirmation before biomarker interpretation. The given sequence is

implied directly by spans, number of modifications, mass residuals,
leakage, confirmation burden and validation index.

The validation sequence implies the following assay design in Fig-
ure 9. FTL and UBE2V1 need the confirmation of their intact mass
and modification state. HMGA2 needs confirmation of site-specific
phosphorylation. DAP and CCL2 need the clarification of unknown
or partly known mass shifts. Lastly, TPM3 and EEF1A1 need confir-
mation of the reproducible cleavage boundaries. Thus, the practical
value of the validation sequence is not only ranking, but assigning the
specific confirmation need to each proteoform category.

Figure 9: Assay-specific confirmation needs.

The order itself helps to avoid misinterpretation of the well-known bi-
ology. CCL2 is a known inflammatory chemokine, but the proteoform
record is shorter than those of FTL, UBE2V1, HMGA2 and DAP and
has no known modifications in this classification. HMGA2 is biolog-
ically connected to chromatin and senescence-related nuclear states,
but the priority of the record depends on phosphorylation density, and
not total HMGA2 abundance. The proteoforms of FTL and UBE2V1
may not be related immediately to a canonical SASP cytokine story,
but have the strongest validation features. Thus, the interpretation of
the data should follow the proteoform evidence: long span, chemically
annotated proteoforms first, dense phosphorylation with control trace
sensitivity second, uncertain proteoforms third and fragments last.

DAP and CCL2 require an additional step. The primary end point for
these two candidates should be identity resolution, and not immediate
pathway interpretation. Additional fragmentation, alternative search
settings, targeted inspection of the unknown mass shift, or orthog-
onal enrichment could help to clarify whether the table annotation
corresponds to a real biological proteoform. Then, after this step the
interpretation of DAP in relation to cell stress biology and of CCL2
in relation to inflammatory SASP signaling could be appropriate. The
given order is especially important for CCL2 due to its gene-level
biological familiarity. The validation sequence avoids the potential
bias by requiring the identity of the proteoform before any biological
interpretation.

TPM3 and EEF1A1 make the exploratory edge of the candidate set.
Their value is related to the questions about cleavage, extracellular pro-
cessing and stress-related fragmentation, not to immediate biomarker
development. The key confirmation criteria here are reproducible
fragment boundaries, consistent fragment abundance in senescence
induction and separation from proliferating controls in matched cul-
ture and collection conditions. Until all these tests are completed,
these two records should be put after the long span and chemically
annotated candidates. Thus, the candidate-specific assay assignment
avoids wasted effort and helps to preserve molecular specificity of the
top-down SASP proteomics.
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3.11. Boundary of Interpretation for the Validation Order

The computation is deterministic and relies solely on the condition
counts and candidate fields. The computation does not compute sta-
tistical significance, variance of the replicates, effect size confidence
intervals, localization probability at the site level, or reproducibility of
the chromatography. The mass residual is a practical measure and not
an error model. The fraction of known modifications is a confidence
descriptor and not a biochemical one. The leakage adjustment is a
sensitivity factor and not an abundance measure.
These boundaries delimit the correct use of the validation order. The
seven SASP candidates cannot be considered fully validated. What
can be claimed is that the counts and fields make a reasonable vali-
dation sequence that is more informative than a gene rank list. The
sequence takes care of condition, chemistry, mass agreement, annota-
tion interpretability, and validation burden. The sequence reveals the
core dual control issue: senescence and proliferation were very close
in truncated-form pressure, and fragment rich observations must be
treated carefully.
The boundaries are candidate specific. FTL and UBE2V1 need intact-
form confirmation. HMGA2 needs phosphorylation-specific confirma-
tion. DAP and CCL2 need annotation resolution. TPM3 and EEF1A1
need fragment origin testing. Quantification aware of the replicates,
raw spectra assessment, confirmation by intact or middle-down experi-
ments, and orthogonal confirmation would test the assignments, but the
order derives from the listed spans, masses, modification annotations,
control traces, and confirmation burden.

4. Conclusion

The research question was whether the top-down proteomics records
of the senescent, quiescent, and proliferating human fibroblasts secre-
tomes would support a defensible proteoform validation order while
maintaining the CAPS calculation. The answer is yes, but condition
and proteoform chemistry must be interpreted together. Senescence
was not a fragment rich state compared to all controls. The senescent
and proliferating forms had almost identical truncated-form pressures
of 0.67954 and 0.67935 respectively. The quiescent forms had a lower
value of 0.52846. The ratio between the senescence-proliferation
pressures of 0.00125 revealed that truncation pressure distinguished
senescence from quiescence but not from proliferation. Fragment
abundance cannot be used alone as a signal of senescence selectivity.
The candidate-level analysis answered the validation aspect of the
question. FTL and UBE2V1 are the first targets because they combine
the largest spans, known modification annotations, highest leakage-
sensitive CAPS, and acceptable confirmation burden. HMGA2 is the
most chemically distinct candidate because it has 4.63 mass shift events
per 100 residues but this number points to the need of phosphorylation
specific validation rather than HMGA2 measurement as a whole. DAP
and CCL2 need annotation resolution before biological interpretation.
TPM3 and EEF1A1 need fragment origin testing before confirmation
of their cleavage boundaries and control-state selectivity. The order be-
comes clear and candidate-specific: FTL and UBE2V1 first, HMGA2
through phosphorylation-aware confirmation, DAP and CCL2 after an-
notation resolution, and TPM3 and EEF1A1 after fragment-boundary
testing.
The analysis provided the interpretation of a proteoform score in the
difficult case of three-state comparison. By bringing together condition
form pressure, residue span, modification identity, mass agreement,
leakage sensitivity, and confirmation burden, the manuscript avoids
two common mistakes in SASP proteomics: fragment-rich output is
not automatically senescence-specific and parent protein names do
not substitute for molecular evidence. The conclusion is specific to
these IMR90 secretome records: a candidate list of SASP proteoforms
becomes experimentally useful only when it turns into candidate-

specific validation questions.
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