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20th Jan 20211st Editorial Decision

20th Jan 2021 

RE: MSB-2020-10156, Highly mult iplexed quant itat ive phosphosit e assay for biology and 
preclinical studies 

Thank you again for submit t ing your work to Molecular Systems Biology. We have now heard back 
from the three referees who agreed to evaluate your study. Overall, the reviewers acknowledge 
that the study seems potent ially interest ing. They raise however a series of concerns, which we 
would ask you to address in a major revision. 

Without repeat ing all the comments listed below, some of the more fundamental issues are the 
following: 

- The advance compared to previous related approaches needs to be better described and the
potent ial pit falls/challenges need to be discussed.
- Some follow up analyses providing biological context  for the results obtained using SigPath would
need to be performed. Reviewers #2 and #3 provide construct ive suggest ions in this regard (e.g.
reviewer #2 points #3 and #8 and reviewer #3 point  #4). Addressing this point  is important as it
would enhance the confidence regarding the ability of the approach to generate biologically
relevant findings.

All issues raised by the reviewers need to be sat isfactorily addressed. As you may already know, our
editorial policy allows in principle a single round of major revision, so it  is essent ial to provide
responses to the reviewers' comments that are as complete as possible. Please contact  me in case
you would like to discuss in further detail any of the issues raised. 

On a more editorial level, we would ask you to address the following points: 



Reviewer #1: 

Keshishian et al. present the most comprehensive targeted proteomics workflow for quant ifying 
phospho-pept ides in biological samples. It was designed for more than 300 phosphosit es, of which 
more than 250 can be reliably targeted. This compares to assays with similar technology published 
some years ago, that aimed to target about 100 phosphosit es. 
The authors follow a process to determine the phosphosit es to be monitored to allow a broad read 
out of signaling act ivity. The collect ion of heavy labelled phospho-pept ides is synthesized and 
spiked into each sample. This sounds simple in theory but is quite difficult to cont rol. The authors 
should comment on how accurately they were able to quant ify the synthet ic pept ides, how stable 
they are and in what rat ios they are combined. Are these phospho-pept ides available to others and 
if not , how difficult would it be to re-create them? 
The authors put the assay through its paces by first measuring cell lines with st imulat ion, PDX 
models and finally tumor material. There is ment ion of reproducibilit y such as rank order 
consistency but relat ively lit t le documentat ion of quant itat ive accuracy on the phospho-sit e level, 
which could be specifically addressed when several pept ides cover the same site. 
The idea with such targeted PTM assays is that they should allow very consistent read out of 
phosphosit es, be quite quant itat ive and ideally high throughput and easy to do. They sit between 
label-free assays and TMT-assays. Especially the label-free assays with DIA methods on high 
resolut ion inst ruments have been gaining ground, whereas the author's technology is quite mature 
and st ill uses low resolut ion inst ruments (t riple quadrupoles). As the Carr group also performs dia, it 
would have been interest ing to see a comparison between them, especially in quant itat ive 
accuracy and completeness. 
Overall, this is a substant ial amount of work with many interest ing aspects to it . The approach is 
not novel but has been under development for at least 10 years. Given the care that needs to be 
taken with the spike in pept ides, an overall quest ion would be if it is not easier to go with dia based 
method, which achieve very good CV values today. However, if the authors concent rated on the 
many points that are valuable to the communit y, this manuscript could st ill be a valuable addit ion 
to the literature. 

Organizat ion of the paper: The authors should move a lot of the material from the back of the 
paper to the front , especially where they explain their assay, its limitat ions and its context . This 
would help the reader. They should also state in the main text that it is an MRM assay on a t riple 
quadrupole. This would also be a good place to ment ion pract ical aspects like throughput (2-3h 
gradients?), what is necessary to create the library, costs, stability etc. They should also ment ion 
amounts needed, that the assay does not correct for protein level changes, quant itat ive accuracy 
expected and so on, in the beginning before they go to biological applicat ions. The authors also 
claim 85% success rate but this can be much lower depending on the amount available, as they 
show later. 

The authors cite their own efforts in MRM assay development and the CPTAC consort ium 
extensively but are less inclusive in cit ing work outside. In the supplementary material, the authors 
say that all MS data was published in 2018, which is confusing. 

Specific points: 
1. The t it le should be changed. E.g. Mult iplexed phosphosit e detect ion assay for...



2. Phosphosites of the assay (Figure 1C and 1D) should be depicted in a signaling pathway scheme.
3. Describe the assay in the main text  (Figure 1A) and the figure legend has to be explained clearly.
4. Conclusions drawn from the correlat ion in Figure 2B should be described in the main text .
5. Exchange Figure 4B on page 8 with Figure 2B.
6. Figure 2A legend contains the same sentence twice.
7. 2C, 2D has to be better explained in the text . It  is not clear that  Y542 and Y580 are out liers in
pat ient  samples with ALK fusion; also, it  looks like Figure 2C has a different pt  of the lines than
Figure 2D.
8. Was the proteome of the cell line and PDX samples measured to check whether changes in
phosphorylat ion underlie proteome changes? In general, can authors also target
nonphosphorylated pept ides on the same proteins and measure their levels before enrichment to
invest igate whether changes in phosphosite levels can be just  at t ributed to protein level
differences instead of analyzing TMT proteome data (like done in Figure 4B)? Proteome data must
also suffer from rat io compression.
9. If a figure in the text  is described, please ment ion the figure as well and make sure it  is in the
correct  posit ion, e.g. the descript ion of Tramet inib t reatment outcome (Figure 2A) (page 9) or the
descript ion of the sensit ivity for the PDX models (Figure 3A).
10. Figure legend for S3: The last  sentence should be finished.
11. Figure 3C, 4A, S2A: What are the units/legends? Figure 3D, are fold changes on log2 scale?
12. Were PTPN11 substrates measured? Are they different ially phosphorylated upon treatment or
in cells harboring ALK fusions and EGFR mutants?
13. In light  of the amount of material required for phosphoenrichment, how pract ical is the approach
for clinical/biological applicat ions?
14. Another limitat ion of their assay would be its throughput when it  is applied to large sample
collect ions. It  ut ilizes and requires two laborious steps to enrich phosphopept ides to quant ify them
with high sensit ivity. Furthermore, each LC-MRM/MS run takes considerable t ime (160min for IMAC
method and 120min for pY method), allowing them to analyze only five samples per day. How
possible is it  to shorten gradients and simplify the workflow in future? This should be discussed in
the manuscript  in light  of current developments in technology. Authors may consider revising their
following sentence 'Sample preparat ion for SigPath is much simpler than methods commonly used
for deep-scale discovery...' as several streamlined phosphoproteomics plat forms for in-depth
analysis have been described in the literature.
15. What is the assay quality without phosphoenrichment? Are enrichment procedures automated?
If so, in which plat form were they performed?
16. Figure legend 4B: was Pearson intended instead of Pierson correlat ion?
17. Figure 4B: Is the fold change indicated? This should be added to the figure legend.
18. The precision and reproducibility of the assay should be explored further; for instance, workflow
and analyt ical variabilit ies can be determined.
19. Were SIL pept ides AQUA pept ides with known quant it ies? It  is unclear if the authors
determined their purity and asses light  pept ide contaminat ion levels.
20. Please read the manuscript  carefully and remove all the typos.

Reviewer #2: 

In this manuscript , Keshishian et  al design a MS-based assay to systemat ically detect  and quant ify



phosphorylat ion events in key regulatory proteins across a range of signaling pathways. They
selected and curated a list  of candidate pept ides inferred from the literature, and combined this
with available large-scale phosphoproteomics data to eventually compile an assay termed SigPath
that spans 284 phosphosites in 200 phosphoproteins. They apply the assay to monitoring changes
in the targeted phosphoproteome in cancer cells upon drug treatment, in cancer xenografts, and in
tumor t issues. They ident ify phosphorylat ion events that were expected for the t reatment or
condit ion, in addit ion to novel ones that were unexpected and (in part) not  detected in previous
unbiased approaches. This leads the authors to conclude that SigPath should be a useful assay to
examine the act ivat ion status of signaling pathways in various clinical and pre-clinical scenarios. 

This is an interest ing study with a clear rat ionale, namely that it  may be more informat ive to
accurately quant ify a limited set of biologically important phosphorylat ion events, instead of doing
this in a more classical unbiased way ident ifying thousands of phosphopept ides however whose
funct ion and relevance is less clear. Sett ing up such an assay is a considerable effort , requiring the
select ion of phosphopept ides (based on prior knowledge), opt imizat ion of MS condit ions to reliably
detect  these pept ides, and synthesis of isotope-coded versions of these pept ides to be spiked into
biological samples for quant ificat ion of endogenous phosphopept ides. Indeed, and right fully, the
descript ion of the assay development takes a considerable port ion of the manuscript . 

Some crit ical issues remain as to the novelty of the manuscript , both conceptually using mult iplexed
MRM as an assay for cellular signaling act ivity, and with regard to biological findings. This paper is
not the first  to develop such an assay, two of which are referred to in the manuscript  (Abelin et  al,
and Kennedy et  al), where it  remains a bit  unclear what SigPath adds especially with regard to the
Abelin tool (P100). Also there is some previous work that was not cited. With regard to the
applicat ions of SigPath that are shown, this reviewer had some mixed feelings about the few
observat ions that were highlighted from the data set, against  a range of results that  remained
uncommented. In part icular, it  is unclear why so lit t le consistency was observed both in the drug-
treated xenograft  mice and among the sampled breast cancer phosphoproteomes. It  either means
that the assay is less conclusive than ant icipated, or the diversity in signaling act ivity (both
qualitat ively and quant itat ively) is much bigger than init ially thought, which would be a sobering
conclusion. Either way, it  would have been advantageous if this had been exposed/invest igated
more deeply to point  to potent ial weaknesses in the assay, or to challenges that to be addressed
to increase our general understanding of cellular signaling. 

Specific comments: 
1. Abelin et  al used a very similar strategy to design an MRM assay (termed P100, later used in a
more elaborate applicat ion PMID 29655704) with a very similar target space as SigPath. How do
P100 and SigPath differ, and why was it  necessary to develop SigPath having P100 at  hand? And
why was it  needed to build and opt imize SigPath from scratch, having much of the foundat ion
(probably some shared pept ides/phospho-sites) already in place? What can SigPath do that P100
cannot? 
2. Apart  from Abelin et  al and Kennedy et  al, Picot t i et  al were probably the first  to introduce the
concept of a MRM-based 'sent inel assay' 6 years ago (PMID: 25194849), and to implement this at  a
very similar scale as in this manuscript . In part icular, it  included 157 proteins and 152
phosphopept ides in a mult iplexed fingerprint  assay to report  on the act ivity of 188 biological
processes. Although this was performed in yeast, the study should be highlighted in the manuscript
because conceptually it  set  the stage for SigPath. 
3. A main concern about the manuscript  is that  it  t reats data obtained by SigPath as individual
observat ions, despite the fact  that  it  was set up to obtain a system-wide perspect ive of signaling.
In addit ion, a tool like SigPath provides the unique possibility to explore (causal) connect ivity



between regulatory events. Unfortunately, this was not at tempted, and can be seen as a missed
opportunity. 
4. Even for the single observat ions of changes in protein phosphorylat ion the authors did not go
into much (mechanist ic) depth. For instance (page 9), they find that phosphorylat ion of RB1
changes upon MEK-inhibit ion by t ramet inib, and suggest this as a path how the drug regulates cell
proliferat ion. This is not ent irely unexpected, if not  to say that it  is very well established that this is
one of the key ways how MEK drives proliferat ion (via CDK4/6, e.g. PMID 28127048)
5. To what extent is the assay portable to other mass spectrometric plat forms beyond this
part icular TSQ Quant iva that was used? This is of part icular importance since opt imal collision
energies may differ between mass spectrometers.
6. Figure 4A: Some samples show extremely high or extremely low phosphorylat ion levels across
many proteins (blue and red vert ical streaks in the plot). Can this be assigned to any part icular
status of the pat ient  the sample originates from, and can something be learned from this? Or can it
be excluded that this is a technical art ifact  (e.g. different sample amount, failing enrichment, age of
the sample etc)?
7. Fig 4A: Among the displayed proteins, the authors highlight  YAP1 as a potent ially interest ing
protein, represent ing one of few proteins showing consistent expression/phosphorylat ion in the
subgroups. For the remainder of the data, the general impression from the figure is that
phosphorilat ion status is highly heterogeneous across these samples, and even within pat ient
subgoups. Now with the not ion that the sampled phosphorylat ion sites have been carefully
selected to reflect  biological act ivity, what does this mean for the signaling status of these
pat ients/t issues, and the ut ility of (SRM-based) phosphoproteomics for their
analysis/understanding? Should any of the conclusions of the discovery paper be revised (Archer et
al, 2018), where different kinase act ivit ies were associated with disease subgroups?
8. In principle SigPath could have great potent ial, however it  is under-used here. For instance, it
would be great to plot  the results of a SigPath analysis on the included pathways, visually connect
observat ions, and ident ifies intermediate signaling hubs that may have been excluded from the
panel but that  may funct ion as signaling hubs/branching points.
9. PY-enrichment was not used in SigPath for the analysis of medulloblastoma t issue (p11 top of
page). The authors should indicate how much material is needed for the assay, ant icipat ing that
the required input may be lower than for a regular phosphor-proteomics analysis benefit ing from
enhanced sensit ivity afforded by MRM.
10. The discussion enumerates the conceptual advantages of SigPath, and MRM-based methods
in general, to all of which I can agree. However it  does not address the key quest ion how its
implementat ion works out in pract ice, and what can be learned from the data it  delivers. For
instance, by encompassing key nodes across a wide range of pathways and cellular processes, it
should be possible to deduce (causal) relat ionships between changes in phosphorylat ion along or
across pathways, instead of t reat ing MRMs in the assay as individual measurements. The ability to
do so would be a dist inct  advantage of an integral assay such as SigPath over e.g. western blots
that can test  far fewer events simultaneously.

Reviewer #3: 

Review of Keshishian et  al., "Highly mult iplexed quant itat ive phosphosite assay for biological and
preclinical studies". 



In this manuscript  Keshishian and colleagues address an important issue with respect to cell
signaling - namely the limited ability of most laboratories to profile more than a few biologically
relevant signaling pathways at  a t ime, using convenrt ional approaches like Western blot t ing or
other kinase assay-based techniques. While mass spectrometry has emerged as an extraordinarily
useful approach to do this, most proteomics labs have concentrated their phosphoproteomic
studies on accumulat ing as many substrates as possible rather than drilling down deeply into the
underlying biology of a moderate but important set  of known pathways and substrates. Some
advances were made using reverse phase protein arrays, but this approach suffers from limited
availability of high-quality ant ibodies, very limited dynamic range, and high background. One of the
problems with most phosphoproteomic analysis plat forms is the stochast ic select ion of pept ides for
analysis, and the complexity of the data, which limits direct  comparisons between many samples.
The authors build a collect ion of 298 phosphopept ides represent ing 284 phosphosites on 280
proteins, of which they appear to be able to detect  ~60-70% reliably in subsequent experiments. 

Major Comments: 

1- Overall, the manuscript  is more of a resource or technical art icle than a t rue descript ion of new
biology. Nevertheless, I think, if the appropriate limitat ions of the panel are adequately addressed in
the text , it  makes a very valuable contribut ion to systems-based studies of signaling, and is
appropriate for Molecular Systems Biology.

2- A major shortcoming of the manuscript  is the complete absence of a comprehensive signaling
diagram showing exact ly which proteins and sites are being monitored with the technique. While
the select ion of phosphosites is, of course, a matter of personal choice, it  would have made more
sense to ensure that many of the key signaling pathways were represented. As best I can tell from
the Supplemental data and Excel spreadsheet, the select ion of pathways captures some, but not
all, sites on proteins that are crit ically important in cell decision processes. For example, at  least  5
sites on mTOR and half a dozen mTOR substrates are measured, but there are no phosphorylat ion
sites on PI3KR1, DNA-PK, Cdc25A, B, or C, etc. As such, the panel seems to be heavily biased
towards measuring signaling in the MAPK, mTOR and Hippo space, with some, but not nearly
comprehensive elements of the PI-3K and apoptosis pathways, and other pathways much more
light ly sampled. This needs to be explicit ly shown using a pathway diagram, or series of pathway
diagrams, so that the readers and adopters of the technology will know what is and is not
adequately sampled.

3- The statement protein "phosphosites were selected to provide readouts on DNA damage, cell
cycle arrest , apoptosis, spindle checkpoint  act ivat ion, hypoxia, autophagy, cell stress and epithelial-
to-mesenchymal t ransit ion" seems to overstate the conclusions that can be drawn from what is
actually being measured. To really understand the signaling in these pathways many addit ional
components would need to be measured. The sentence should be revised to indicate the
preliminary nature of the readouts that the panel provides. It  is certainly an overstatement to claim
that the readout of a single site on ATM and Chk1, for example, is an adequate proxy for reading
out DNA damage and cell cycle arrest  for example. Instead, the sites provide some preliminary
informat ion that could be used in subsequent experiments to focus on things like DNA damage, cell
cycle arrest , etc. and this should be explicit ly acknowledged.

4- The panel is then used to examine phosphorylat ion site changes at  2 t ime points - 6 and 24
hours in LUAD H1322 cells t reated with the ALK inhibitor cerit inib and CRC Ls513cells t reated with
the MEK inhibitor Tramet inib. The findings that the authors observe are consistent with what has



been observed in CPTAC data from pat ients with these tumor types. However, other than
validat ing that the panel can detect  changes, we really learn almost nothing of biological
consequence here. The authors should add a diagram mapping the ALK signaling pathway
including PTPN11, and the adjacent relevant pathway such as ERBB3, EGFR, and JAK-STAT,
showing which sites downstream from ALK on which proteins were the most and least down and
up-regulated, which would provide much more biological context  for the results. For example, the
finding that PTPN11 Y542/580 phosphorylat ion is reduced might be expected to result  in reduced
Erk phosphorylat ion (Miura et  al, Oncogene, 2013), yet  no such decrease in Erk phosphorylat ion is
observed, possibly due to upregulat ion of ERBB3 and EGFR. This should be explained in a few more
sentences, cit ing the appropriate references that support  this. Can the authors provide some direct
evidence of this by simply co-treat ing the cells with cerit inib plus and ERBB3/EGFR inhibitor and
simply blot t ing for phosphoErk? This would markedly improve the manuscript , clearly extend the
mass-spectrometry observat ions and confirm the tentat ive conclusions about act ivat ion of
alternat ive Tyr kinase receptor pathways. 

5- The panel is then applied to six TNBC PDX model samples, with baseline values and values at  2
hours after a single dose, and at  50 hours after t reatment with the PI-3K inhibitor buparlisib,
aapparent 2 or 3 doses. These studies appear to have been done with one mouse/tumor from each
of the PDX samples, but the capt ion to Figure 3A seems to indicate a total of 30 samples. Can the
authors clarify this discrepancy? The data shown in Figure 3 indicates single values of
phosphorylat ion - are these average values from mult iple repeats, and if so, how much spread is
there in the data?

6- The main thing that one can conclude from this limited study is that  the single most resistant
PDX model appears to show the least effect  of the drug on AKT phosphorylat ion at  three well-
established sites. In this regard, the statement "Important ly, the SigPath targeted MS data clearly
shows quant itat ive differences in site modulat ion between the sensit ive and resistant models upon
inhibit ion" seems to distort  and overstate the findings since there does not seem to be any obvious
correlat ion between the levels of phosphorylat ion inhibit ion following drug treatment of the
sensit ive versus resistant models except for the single most resistant one.

7- The other conclusion one can draw from this data is that  the resistance of some of the PDXs to
the PI-3K inhibitor is not mediated at  the level of AKT phosphorylat ion, suggest ing the development
of resistance arises from other mechanisms, and perhaps this should be explicit ly acknowledged.

8- Why is the phosphorylat ion status of MAPK3 not explicit ly shown in Figure 3C, if its act ivity is
what the authors claim is responsible for resistance of the W12 PDX sample?

9- The authors then apply the IMAC approach to query medulloblastoma samples from 38/40
previously analyzed tumors. They focus the text  in the results sect ion on two very interest ing
molecules, YAP and TAZ. Here again, however, the lack of a deeper descript ion of what the results
mean, in light  of known biology, limits the conclusions they draw. For example, the statement "The
Yap1 protein is amplified and upregulated in hedgehog-associated medulloblastomas (Fernandez
et al., 2009) while the quant ified Yap1 pS127 site indicates inact ivat ion of the protein in this
subtype (Art inian et  al., 2015)" is only part ially correct . Phosphorylat ion of YAP at Ser-127, and TAZ
at Ser-89 results in 14-3-3 binding and cytoplasmic sequestrat ion of these molecules (c.f. Kanai et
al. EMBO J, 2000, Zhao et  al., Genes and Development 2007) and limits their ability to co-act ivate
TEAD transcript ion factors that contribute to proliferat ion. I believe that clarifying and explaining
this aspect of the findings provides the reader with a better understanding of what the mass-spec
results might mean.



Minor comments 

10- The fact  that  the pY and IMAC mixtures are spiked with labelled pept ides should be ment ioned
early in the Results sect ion.

11- Can the authors comment on whether the panel should be opt imally used with some type of
isobaric labelling technique for serial t ime-sampled specimens in future studies?



Response to Editors specific concerns: 

- The advance compared to previous related approaches needs to be better described and the potential

pitfalls/challenges need to be discussed.

● We have now added additional information to address this concern as well as one key citation

that we overlooked in our original submission.

- Some follow up analyses providing biological context for the results obtained using SigPath would

need to be performed. Reviewers #2 and #3 provide constructive suggestions in this regard (e.g.

reviewer #2 points #3 and #8 and reviewer #3 point #4).

● We also found the suggestions from the Reviewers helpful and have now added a significant

number of new analyses addressing their concerns.

Reviewer #1: 

Keshishian et al. present the most comprehensive targeted proteomics workflow for quantifying 

phospho-peptides in biological samples. It was designed for more than 300 phosphosites, of which 

more than 250 can be reliably targeted. This compares to assays with similar technology published 

some years ago, that aimed to target about 100 phosphosites.  

The authors follow a process to determine the phosphosites to be monitored to allow a broad read out 

of signaling activity. The collection of heavy labelled phospho-peptides is synthesized and spiked 

into each sample. This sounds simple in theory but is quite difficult to control. The authors should 

comment on how accurately they were able to quantify the synthetic peptides, how stable they are 

and in what ratios they are combined. Are these phospho-peptides available to others and if not, how 

difficult would it be to re-create them?  

● The details regarding quantitation and storage of the synthetic peptides have been added to

the Peptide Synthesis section of Methods  (p25)

● Other than the 24 peptides that failed the assay configuration, the rest of them were stable in

solution. This detail was added in the SigPath assay development section of the manuscript

on p7 .

● Peptide organization section of methods (p25) contains all the information about mixtures of

peptides  that were made and used prior to pY and/or IMAC enrichments.

The authors put the assay through its paces by first measuring cell lines with stimulation, PDX 

models and finally tumor material. There is mention of reproducibility such as rank order consistency 

but relatively little documentation of quantitative accuracy on the phospho-site level, which could be 

specifically addressed when several peptides cover the same site.  

● To address this question, we have added correlation plots to Figure EV3 for the 12 sites

where we measured two different peptide cleavage forms for the same phosphosite. We also

added the following sentence to the “Application of the assay to the cancer cell lines with

drug treatment” section on p9: “Furthermore, using both LUAD and CRC cell line
perturbagen data, we investigated correlation of site quantification as measured by 2

24th Jun 20211st Authors' Response to Reviewers



different peptides for the subset of 12 sites for which such data was available. The 
measured levels of the sites differed by a maximum of 30% from peptide 1 to peptide 2, 
while the Pearson correlation of the drug/DMSO ratio was 0.6 (Fig. EV3D).” 

The idea with such targeted PTM assays is that they should allow very consistent read out of 

phosphosites, be quite quantitative and ideally high throughput and easy to do. They sit between 

label-free assays and TMT-assays. Especially the label-free assays with DIA methods on high 

resolution instruments have been gaining ground, whereas the author's technology is quite mature 

and still uses low resolution instruments (triple quadrupoles). As the Carr group also performs dia, it 

would have been interesting to see a comparison between them, especially in quantitative accuracy 

and completeness.  

● We thank the Reviewer for their comment and agree that such a comparison is warranted, but

we think it is beyond the scope of this manuscript. We are in the process of assessing

detectability of the targets using internal standard triggered PRM which is more sensitive

than DIA in our hands and as reported by others (e.g., Schmidlin PMID: 27219855). This

work will be described elsewhere. In our experience and that of others, the targeted MS

assays using heavy-labeled internal standard peptides are not between label-free and TMT

with respect to quantitative accuracy, but superior to both. The latter is subject to

compression that can obscure the actual fold changes occurring as illustrated in Figure EV4B

and described on p11.  Please also see Figure 5 in PMID: 25724909 where this same effect is

shown for another isobaric mass tag label, iTRAQ.

Overall, this is a substantial amount of work with many interesting aspects to it. The approach is not 

novel but has been under development for at least 10 years. Given the care that needs to be taken 

with the spike in peptides, an overall question would be if it is not easier to go with dia based 

method, which achieve very good CV values today. However, if the authors concentrated on the 

many points that are valuable to the community, this manuscript could still be a valuable addition to 

the literature.  

● Our lab has considerable experience with DIA and a variation we call DIA-PRM (Peckner et

al.  Nat Methods 2018 PMCID: PMC5924490; Alvaro Sebastian Vaca Jacome et al.  Nature

Methods 2020 PMID: 33199889; Dele-Oni et al. Nature Scientific Data, 2021 in press.). We

and others (e.g.,  PMID: 26060331) find that the CVs of DIA can be relatively poor unless using

heavy-labeled internal standards. For example, see figure below and legend. We strongly believe

there are important applications for DIA (especially DIA-PRM), but its sensitivity is not at the

same level as MRM or PRM and only achieves excellent reproducibility when using internal

standards. Our assay puts a premium on sensitivity over CV, although the CVs we achieve by

MRM are quite good (<6%, see below).



Figure Legend: Prostate 
cancer cell line (PC3) treated 
with three 
drugs/perturbations as 
shown. Data collected in DIA 
mode on Thermo HF 
instrument.  The P100 heavy 
peptides (PMID: 26912667 ) 
were spiked in. The first two 
panels show the distribution 
of areas for the light (blue) 
and the heavy peptides 
(gray) for three drug 
perturbations analyzed in 
triplicates. The first drug 
perturbation (afuresertib) 
seems to have run without 
any problems and replicates 
are reproducible. The other 
two perturbations (AR 
compound and los 
compound) were not very 
reproducible. The third panel 
shows the distribution of CVs 
of all 96 peptides calculated 
on the areas for the light 
peptides, the areas of the 
heavy peptides, and the 
light-to-heavy ratios. For the 

first drug perturbation (afuresertib),  the CV distributions are the same no matter what data we 
use. However, for the other two drug perturbations, without the use of heavy peptides the CVs 
are as large as 60% wheras using the L/H ratio corrects the variability of the measurement and 
gives excellent precision of quantification (Red curve mostly below a CV of 20%). 

Organization of the paper: The authors should move a lot of the material from the back of the paper 

to the front, especially where they explain their assay, its limitations and its context. This would help 

the reader. They should also state in the main text that it is an MRM assay on a triple quadrupole. 

This would also be a good place to mention practical aspects like throughput (2-3h gradients?), what 

is necessary to create the library, costs, stability etc. They should also mention amounts needed, that 

the assay does not correct for protein level changes, quantitative accuracy expected and so on, in the 

beginning before they go to biological applications. The authors also claim 85% success rate but this 

can be much lower depending on the amount available, as they show later.  

● The items requested by Reviewer are appropriately addressed in Discussion and Methods

already, including how long the assays take to run, amounts of sample required, etc.  As per

reviewer’s suggestion we added more detail to the “SigPath assay development” section

about the library generation, as well as optimization of MRM parameters, and overall

workflow (p7).

● Quantitative accuracy has been addressed in a new titration curve experiment performed

during the revision of the manuscript summarized in the “SigPath assay configuration and

evaluation” section (p8).



● The success rate of the assay was assessed based on the detection of spiked heavy peptides

after the enrichment.  Detection of endogenous signals is dependent on the presence and

abundance of the phosphoproteins represented in the assay measured in a given study.

The authors cite their own efforts in MRM assay development and the CPTAC consortium 

extensively but are less inclusive in citing work outside. In the supplementary material, the authors 

say that all MS data was published in 2018, which is confusing.  

● We thank the Reviewer and have now much more extensively and appropriately  cited 

the important work of others in the introduction on pp4-5. 

Specific points:  

1. The title should be changed. E.g. Multiplexed phosphosite detection assay for...

● We respectfully disagree and prefer to keep the current title that appropriately emphasizes

that this is a very large set of phosphosites being assayed.

2. Phosphosites of the assay (Figure 1C and 1D) should be depicted in a signaling pathway scheme.

● We have now added a new figure (Fig. 1B) that better illustrates the biology and pathways

that are at least partially covered by the panel. The number of sites measured in each pathway

is indicated graphically, and detailed information regarding pathways and coverage is

provided in Dataset EV2 and figure EV1D.

3. Describe the assay in the main text (Figure 1A) and the figure legend has to be explained clearly.

● A brief description of the assay has been added to the “SigPath assay development” section

of the manuscript (p7).

4. Conclusions drawn from the correlation in Figure 2B should be described in the main text.

● Figure 2B was mistakenly cited in the text as Figure 4B. We apologize and have now

corrected this typo. Conclusions drawn from Figure 2B were already described in the result

section. Please, refer to page 9.

5. Exchange Figure 4B on page 8 with Figure 2B.

● We thank the reviewer for noticing this and have corrected it.

6. Figure 2A legend contains the same sentence twice.

● Thank you for pointing this out.  We have now fixed this.

7. 2C, 2D has to be better explained in the text. It is not clear that Y542 and Y580 are outliers in

patient samples with ALK fusion; also, it looks like Figure 2C has a different pt of the lines than

Figure 2D.

● We thank the reviewer for the close reading of the manuscript and review of the figures. We

agree that the prior narrative was unclear, and in revision we have modified Figure 2B,

removed Figure 2D, replaced Figure 2C, and expanded the associated text pertaining to the

ALK-inhibitor treated cell line (main text P9 and Figures 2B and 2C).

8. Was the proteome of the cell line and PDX samples measured to check whether changes in

phosphorylation underlie proteome changes?



In general, can authors also target nonphosphorylated peptides on the same proteins and measure 

their levels before enrichment to investigate whether changes in phosphosite levels can be just 

attributed to protein level differences instead of analyzing TMT proteome data (like done in Figure 

4B)?  Proteome data must also suffer from ratio compression.  

 

● The cell line experiments were short-term perturbations and little if any change in proteome 

levels were observed over 6h.  With respect to the PDX example provided (Mundt et al. 

Cancer Res. 2018), the abundance of each phosphosite was normalized to its corresponding 

protein abundance in the TMT analyses.  

● Our assay is not designed to measure site stoichiometry, nor do we claim that it does. We 

often address this issue in our non-targeted work where one can normalize the phospho data 

by the protein levels if that is of interest and as was done in Figure 4.  Creating a separate and 

parallel assay for the non-phosphorylated versions of each phosphopeptide can of course be 

done,  but using these data to establish site stoichiometry is complicated if an enrichment step is 

used to detect and quantify low abundance phosphopeptides as was done here. If the 

phosphoprotein of interest is of sufficiently high abundance, one could develop an assay to begin 

to assess site stoichiometry by developing targeted assays to 1) an unmodified peptide to use as a 

surrogate of protein abundance,  and 2) the unmodified version of the phosphopeptide. The 

sample would be analyzed +/- phosphatase treatment and the change in the abundance of the 

formerly phosphorylated peptide will provide the site stoichiometry. This requires that the 

unmodified peptides from the target protein are detectable in a single shot analysis, that the 

phosphatase reaction goes to completion and that the site stoichiometry is not very small. 

Assessing if the change in phosphorylation observed is more likely due to protein level change or 

site-specific phosphorylation change could, in principle, be accomplished by adding heavy non-

phosphorylated peptide standards to the flow-through from the IMAC enrichment and measuring 

these non-phosphorylated peptides in a separate and parallel assay. The success of this method is 

entirely dependent on the ability to detect and quantify the unmodified peptide in the complex 

digest using a single shot approach. We have added the following two sentences to the Discussion 

(p14): 
“Assessing if the change in phosphorylation observed is more likely due to protein level 
change vs. site-specific phosphorylation change could, in principle, be accomplished by 
adding heavy non-phosphorylated peptide standards to the flow-through from the IMAC 
enrichment and measuring these non-phosphorylated peptides in a separate and parallel 
assay. The success of this method is entirely dependent on the ability to detect and 
quantify the unmodified peptide in the complex digest using a single shot approach.”  

Of course, if no enrichment step is used, site stoichiometry can be obtained by spiking heavy-

labeled versions of the base peptide and the phosphopeptide as the ionization efficiencies by 

electrospray are likely to be similar if not identical. This is a complicated issue and well described 

by Prus et al. (PMID: 31296352).  

Regardless, the overall amount of phosphorylation of a given site is still valuable despite its 

reflecting both the site-specific changes and the overall protein abundance. It is true that 

proteome data does suffer from compression, but is largely alleviated by use of extensive 

fractionation prior to on-line LC-MS/MS.  

 

9. If a figure in the text is described, please mention the figure as well and make sure it is in the 

correct position, e.g. the description of Trametinib treatment outcome (Figure 2A) (page 9) or the 

description of the sensitivity for the PDX models (Figure 3A).  

 



● We thank the reviewer for noticing this oversight and have fixed it now.

10. Figure legend for S3: The last sentence should be finished.

● This has also been fixed.

11. Figure 3C, 4A, S2A: What are the units/legends? Figure 3D, are fold changes on log2 scale?

● The heat maps in Figure 3C and 4A are colored with relative colors from blue to red per row,

from row min to row max, respectively. This coloring scheme has been applied after the rows

have been adjusted to robust Z-scores (subtracted median and divided by the median absolute

deviation).

● The heat map in Figure S2A uses a relative color scheme from between 0 and 1 to depict the

abundances of each site across 10 cell lines.

● The fold changes in Figure 3D are on log2 scale.

● This has now been clarified in the respective figure legends.

12. Were PTPN11 substrates measured? Are they differentially phosphorylated upon treatment or in

cells harboring ALK fusions and EGFR mutants?

● Gab1 (GRB2 (growth factor receptor-bound protein 2)-associated binding protein 1), a multi-

site docking protein that is both essential for PTPN11 function and regulated by PTPN11

activity, is among PTPN11 substrates that were measured. We have now highlighted this in

Figure 2B, and added the following to the main text (p9):

“Notably, we also observe downregulation of Gab1 phosphorylation at Y659 (Fig 2B),
which is required for Gab1-PTPN11 binding and activation of downstream ERK/MAPK
signaling initiated by PTPN11 (PMID: 11323411). Our current data showing that ALK
inhibition leads to significant downregulation of phosphosites on both the C terminal of
PTPN11 and Gab1 fits with these other lines of evidence in indicating a key and
therapeutically tractable role of this phosphatase in ALK-mediated downstream signaling
both in cell lines and human tumors.”

13. In light of the amount of material required for phosphoenrichment, how practical is the approach

for clinical/biological applications?

● The method is well suited for biological and clinical applications where available sample

amounts are not limiting, such as for cell lines, surgically resected tumor tissue from humans

and PDXs. Currently this version of the protocol is not suitable for clinical biopsies that

typically yield <50ug protein amounts. This is not a limitation of this method per-se but

rather of the enrichment reagent, primarily the pY antibody that is currently available. We are

working to obtain a more sensitive version of pY affinity reagent that will likely make this

method amenable to lower levels of sample input and allow this method to be fully

automated.

14. Another limitation of their assay would be its throughput when it is applied to large sample

collections. It utilizes and requires two laborious steps to enrich phosphopeptides to quantify them

with high sensitivity. Furthermore, each LC-MRM/MS run takes considerable time (160min for

IMAC method and 120min for pY method), allowing them to analyze only five samples per day.

How possible is it to shorten gradients and simplify the workflow in future? This should be discussed

in the manuscript in light of current developments in technology. Authors may consider revising their

following sentence 'Sample preparation for SigPath is much simpler than methods commonly used



for deep-scale discovery...' as several streamlined phosphoproteomics platforms for in-depth analysis 

have been described in the literature.  

● We agree with the reviewer and have modified text on pgs 14-15 in Discussion as follows:
“While sample processing was done manually in the present study, throughput for
SigPath can be greatly increased using automated digestion and IMAC enrichment on
liquid handling robots as we have previously demonstrated (Abelin et al., 2016).
Antibody-based capture of pY-peptides will also become much faster and more
reproducible once these antibodies are conjugated to magnetic beads for processing on
systems like the Kingfisher as we have done in the case of KGG-peptide capture for
ubiquitylation profiling (Rivera et al, 2021). The assay as presented here requires a total
of 5 hours of on-instrument time for the analysis of both pY Ab- and IMAC-captured
samples. This time can be shortened with faster MS instrumentation, use of shorter
gradients or by mixing pY and IMAC captures and analyzing these together in a single
LC-MRM/MS run. Use of FAIMS for posttranslationally-modified peptides would also
provide another level of separation and potentially increase sensitivity (Popow et al,
2021; Udeshi et al, 2020).”

● We have also modified the sentence in question to read: “Sample preparation for
SigPath is simple, requiring only digestion, phosphopeptide capture and analysis of the
captured peptides together with spiked heavy peptide standards.…” 

15. What is the assay quality without phosphoenrichment? Are enrichment procedures automated? If

so, in which platform were they performed?

● Most of the phosphopeptides in the assay require deep profiling of the phosphoproteome with

use of both fractionation and IMAC. Similarly, the majority of pY-peptides are not detected

unless enriched using the antibody.

16. Figure legend 4B: was Pearson intended instead of Pierson correlation?

● Apologies for the typo, this has now been corrected.

17. Figure 4B: Is the fold change indicated? This should be added to the figure legend.

● This has now been clarified on the figure and in the figure legend.

18. The precision and reproducibility of the assay should be explored further; for instance, workflow

and analytical variabilities can be determined.

● To address this comment we carried out titration curve experiments with both pY antibody

and IMAC enrichment.  The results for the IMAC subset of the assay (new Figure EV2B )

show excellent CV (median of 5-10%) and linearity over a wide concentration range (0.05 -

1mg input protein). The pY subset has a median CV of 8-11% with protein input of 1 and

5mg (new Figure EV2A). We added experimental details to the methods section (p31), as

well as “SigPath assay configuration and evaluation” section to the manuscript (p8).



19. Were SIL peptides AQUA peptides with known quantities? It is unclear if the authors determined

their purity and asses light peptide contamination levels.

● All  synthetic heavy isotope-labeled peptides (SIL peptides) were greater than 95% pure, and

quantified by AAA analysis.  These details have now been added to the methods section

(p25).

20. Please read the manuscript carefully and remove all the typos.

● Done as requested.

Reviewer #2: 

In this manuscript, Keshishian et al design a MS-based assay to systematically detect and quantify 

phosphorylation events in key regulatory proteins across a range of signaling pathways. They 

selected and curated a list of candidate peptides inferred from the literature, and combined this with 

available large-scale phosphoproteomics data to eventually compile an assay termed SigPath that 

spans 284 phosphosites in 200 phosphoproteins. They apply the assay to monitoring changes in the 

targeted phosphoproteome in cancer cells upon drug treatment, in cancer xenografts, and in tumor 

tissues. They identify phosphorylation events that were expected for the treatment or condition, in 

addition to novel ones that were unexpected and (in part) not detected in previous unbiased 

approaches. This leads the authors to conclude that SigPath should be a useful assay to examine the 

activation status of signaling pathways in various clinical and pre-clinical scenarios.  

This is an interesting study with a clear rationale, namely that it may be more informative to 

accurately quantify a limited set of biologically important phosphorylation events, instead of doing 

this in a more classical unbiased way identifying thousands of phosphopeptides however whose 

function and relevance is less clear. Setting up such an assay is a considerable effort, requiring the 

selection of phosphopeptides (based on prior knowledge), optimization of MS conditions to reliably 

detect these peptides, and synthesis of isotope-coded versions of these peptides to be spiked into 

biological samples for quantification of endogenous phosphopeptides. Indeed, and rightfully, the 

description of the assay development takes a considerable portion of the manuscript.  

Some critical issues remain as to the novelty of the manuscript, both conceptually using multiplexed 

MRM as an assay for cellular signaling activity, and with regard to biological findings. This paper is 

not the first to develop such an assay, two of which are referred to in the manuscript (Abelin et al, 

and Kennedy et al), where it remains a bit unclear what SigPath adds especially with regard to the 

Abelin tool (P100). Also there is some previous work that was not cited. With regard to the 

applications of SigPath that are shown, this reviewer had some mixed feelings about the few 

observations that were highlighted from the data set, against a range of results that remained 

uncommented. In particular, it is unclear why so little consistency was observed both in the drug-

treated xenograft mice and among the sampled breast cancer phosphoproteomes. It either means that 

the assay is less conclusive than anticipated, or the diversity in signaling activity (both qualitatively 

and quantitatively) is much bigger than initially thought, which would be a sobering conclusion. 

Either way, it would have been advantageous if this had been exposed/investigated more deeply to 

point to potential weaknesses in the assay, or to challenges that to be addressed to increase our 

general understanding of cellular signaling.  

● We thank the reviewer for their positive comments about the overall rationale and strategy

employed in our study. We address the concerns raised below. We do believe that the results of



the assay that we present are more consistent with the notion that diversity in signaling activity 

(both qualitatively and quantitatively) is indeed larger than previously thought, although 

more work that is beyond the scope of this manuscript will be required to prove that 

conclusively.   

Specific comments: 

1. Abelin et al used a very similar strategy to design an MRM assay (termed P100, later used in a

more elaborate application PMID 29655704) with a very similar target space as SigPath. How do

P100 and SigPath differ, and why was it necessary to develop SigPath having P100 at hand? And

why was it needed to build and optimize SigPath from scratch, having much of the foundation

(probably some shared peptides/phospho-sites) already in place? What can SigPath do that P100

cannot?

● SigPath differs from the methodology and intent of P100 in two significant ways: P100

targets were selected based on a small number of initial chemical or genomic perturbations in

cell lines, not based on their potential biological relevance. Furthermore, the targets chosen

were high or relatively high abundance and could easily be measured by PRM - a key to why

they were selected.  In contrast, 80% of the phosphosites targeted by SigPath were nominated

by cancer biologists for their relevance in known or suspected cancer biology of immediate

use in understanding disease and impact of therapeutics, not based on prior observation in

tumor tissue, PDX and cancer-relevant mammalian cell lines. Then the initial list of almost

400 sites was reduced to the final ca. 300 targets based on detection in deepscale

phosphoproteomics experiments, not shallow dive phosphoproteomics as done in P100.  In

addition, only 1 peptide is in common between the P100 assay and SigPath.

● To clarify the distinction between SigPath and P100 further, we have added the following
text to the introduction on p6: “... while Abelin et al. assayed a set of moderate-to-high
abundance phosphopeptides known to be modulated in non-uniform ways by a panel of
drugs in a range of cell lines. The targets were selected based on ease of detection in a
small number of initial chemical or genomic perturbations in cell lines, not on their
potential biological relevance.  “

2. Apart from Abelin et al and Kennedy et al, Picotti et al were probably the first to introduce the

concept of a MRM-based 'sentinel assay' 6 years ago (PMID: 25194849), and to implement this at a

very similar scale as in this manuscript. In particular, it included 157 proteins and 152

phosphopeptides in a multiplexed fingerprint assay to report on the activity of 188 biological

processes. Although this was performed in yeast, the study should be highlighted in the manuscript

because conceptually it set the stage for SigPath.

● We agree with the Reviewer and apologize for the oversight. We have now added reference

to this paper in the introduction (p5) as follows: “Soste and coworkers developed targeted
MS assays to 152 phosphosites and 157 proteins in yeast that were culled from the
literature to develop what they called “sentinel markers” to give biological insights (Soste
et al. 2014).”

● We also added citations to this reference and others from the Picotti lab elsewhere in the

introduction (pp4-5).



3. A main concern about the manuscript is that it treats data obtained by SigPath as individual

observations, despite the fact that it was set up to obtain a system-wide perspective of signaling. In

addition, a tool like SigPath provides the unique possibility to explore (causal) connectivity between

regulatory events. Unfortunately, this was not attempted, and can be seen as a missed opportunity.

● We agree with the reviewer that not providing a system wide analysis of the SigPath results is

definitely a missed opportunity.  We have since explored connectivity using CausalPath

analysis (causalpath.org) of all 3 datasets. We added one of the analyses from the 2hr

drug/vehicle treatment of breast cancer xenograft tissue study to Figure 3 (3B), and we are

providing a zip file for CausalPath analysis of all the datasets that will let readers further

explore the data.  While we can certainly generate figures for all the experiments to include

in the appendix of the paper, we think that illustrating with one use case and providing means

for readers to do further exploration is sufficient.

4. Even for the single observations of changes in protein phosphorylation the authors did not go into

much (mechanistic) depth. For instance (page 9), they find that phosphorylation of RB1 changes

upon MEK-inhibition by trametinib, and suggest this as a path how the drug regulates cell

proliferation. This is not entirely unexpected, if not to say that it is very well established that this is

one of the key ways how MEK drives proliferation (via CDK4/6, e.g. PMID 28127048)

● As per the reviewer’s suggestion, we have extended the MEK/CKD1/RB1 focus in the

revised manuscript and have included the reference indicated by the reviewer (p10).

The biological data presented in this manuscript adequately serves as a proof-of-concept for

the utility of the SigPath assay, and therefore, we have limited our commentary on

mechanistic details.

5. To what extent is the assay portable to other mass spectrometric platforms beyond this particular

TSQ Quantiva that was used? This is of particular importance since optimal collision energies may

differ between mass spectrometers.

● The reviewer is raising an important point about transferability of this assay.  We and others

have shown that MRM assays are transferable between different laboratories and instruments

with further optimization of instrument specific parameters such as fragment ions, CEs. The

following sentence has been added to the Methods section (p26)
“While we configured the assay on TSQ Quantiva MS, other triple quadrupole
instruments can be used for this assay with further optimization of MS specific
parameters for each instrument (Abbatiello et al, 2015; Kuhn et al, 2012)”

6. Figure 4A: Some samples show extremely high or extremely low phosphorylation levels across

many proteins (blue and red vertical streaks in the plot). Can this be assigned to any particular status

of the patient the sample originates from, and can something be learned from this? Or can it be

excluded that this is a technical artifact (e.g. different sample amount, failing enrichment, age of the

sample etc)?

● As noted by the reviewer, some of these samples seem to be globally hypo- or hyper-

phosphorylated. This is due in part to an accentuation of the colors by robust z-scoring of the

data (median-MAD normalization). This was not directly apparent in the figure legend, and

we have now changed the expression legend from blue to red to read “min” and “max”, as

well as noting it directly in the legend on page 44. In the non-median-MAD normalized data,

http://causalpath.org/


this phenomenon is not discernible. Alternatively, by performing a median centering on a 

sample-by-sample basis to account for the possibility of different loading amounts, the 

striated pattern is reduced. However, since the SigPath assay is a small subset of carefully 

selected sites, we cannot be sure of the appropriateness of normalizing by sample/column, 

since we do not know whether those sites are  representative of the entire phosphoproteome 

for each sample. Nevertheless, for comparison, and only for review purposes, please see the 

heat map below where samples have been normalized (median centered) both by column and 

sample.  

● The conclusions in the discovery data were based on an average of more than 35,000

phosphosites per patient. This discrepancy in the “field of view” will make any direct

comparisons difficult. What the SigPath does beautifully is to reliably and with higher

accuracy quantify a selected set of curated “cancer-relevant sites” which may not be enough

to separate clinical subtypes. However, we do see a few of those markers being differential

between the subtypes, and the high information content of the selected sites allows us to

extract relevant biological information from individual samples.  We have now performed the

latter analyses in CausalPath and included them in the manuscript (see Data availability

section of Methods for a link to it).

7. Fig 4A: Among the displayed proteins, the authors highlight YAP1 as a potentially interesting

protein, representing one of few proteins showing consistent expression/phosphorylation in the



subgroups. For the remainder of the data, the general impression from the figure is that 

phosphorylation status is highly heterogeneous across these samples, and even within patient 

subgoups. Now with the notion that the sampled phosphorylation sites have been carefully selected to 

reflect biological activity, what does this mean for the signaling status of these patients/tissues, and 

the utility of (SRM-based) phosphoproteomics for their analysis/understanding? Should any of the 

conclusions of the discovery paper be revised (Archer et al, 2018), where different kinase activities 

were associated with disease subgroups?  

● After data integration in Skyline we have now applied manual curation of the data for better

assessment of detection of endogenous signals. For the peptides not detected we used

imputation to assign a value for statistical tests.  Details about this have been added to the

methods section (pp32-33). After applying  an unsupervised clustering (that was not

performed initially) of the data  the patient subgroups emerge - even in this limited dataset. It

does, indeed, seem to follow the clinical subgroups. Something that the SigPath assay was

not designed for, nevertheless, indicating a strong signaling of the underlying

medulloblastoma subgroups.

8. In principle SigPath could have great potential, however it is under-used here. For instance, it

would be great to plot the results of a SigPath analysis on the included pathways, visually connect

observations, and identifies intermediate signaling hubs that may have been excluded from the panel

but that may function as signaling hubs/branching points.

● We agree with the reviewer that not providing a system-wide analysis of the SigPath results

is a missed opportunity.  We have since explored connectivity using CausalPath analysis

(causalpath.org) of all 3 datasets. We added one of the analyses from the 2hr drug/vehicle

treatment of breast cancer xenograft tissue study to Figure 3 (3B), and we are providing a zip

file for CausalPath analysis of all the datasets that will let readers do further exploration of

the data.  While we can certainly generate figures for all the experiments to include in the

appendix of the paper, we think that illustrating with one use case and providing means for

readers to do further exploration is sufficient.

9. PY-enrichment was not used in SigPath for the analysis of medulloblastoma tissue (p11 top of

page). The authors should indicate how much material is needed for the assay, anticipating that the

required input may be lower than for a regular phosphor-proteomics analysis benefiting from

enhanced sensitivity afforded by MRM.

● We have now performed titration curve experiments for both pY and IMAC subsets of the

assay, which in addition to studying the reproducibility of the assay also addressed the

sensitivity achieved in detecting endogenous signals in a mixture of 5 cell lines. In this

experiment we detected in the lowest point of the curve (1mg for pY, and 0.05mg for IMAC)

93 and 77 percent of the peptides detected in the highest input amount for pY and IMAC

respectively. This detail now has been added to the methods section (p31) and SigPath assay

configuration and evaluation section (p8) of the manuscript.

10. The discussion enumerates the conceptual advantages of SigPath, and MRM-based methods in

general, to all of which I can agree. However it does not address the key question how its

implementation works out in practice, and what can be learned from the data it delivers. For instance,

by encompassing key nodes across a wide range of pathways and cellular processes, it should be

possible to deduce (causal) relationships between changes in phosphorylation along or across

pathways, instead of treating MRMs in the assay as individual measurements. The ability to do so

http://causalpath.org/


would be a distinct advantage of an integral assay such as SigPath over e.g. western blots that can 

test far fewer events simultaneously.  

● This point is similar to point 8 raised by this reviewer. Again, we agree with the reviewer that

not providing a system wide analysis of the SigPath results is definitely a missed opportunity,

and we have done so using CausalPath analysis (causalpath.org) of all 3 datasets.

Reviewer #3: 

Review of Keshishian et al., "Highly multiplexed quantitative phosphosite assay for biological and 

preclinical studies".  

In this manuscript Keshishian and colleagues address an important issue with respect to cell signaling 

- namely the limited ability of most laboratories to profile more than a few biologically relevant

signaling pathways at a time, using convenrtional approaches like Western blotting or other kinase

assay-based techniques. While mass spectrometry has emerged as an extraordinarily useful approach

to do this, most proteomics labs have concentrated their phosphoproteomic studies on accumulating

as many substrates as possible rather than drilling down deeply into the underlying biology of a

moderate but important set of known pathways and substrates. Some advances were made using

reverse phase protein arrays, but this approach suffers from limited availability of high-quality

antibodies, very limited dynamic range, and high background. One of the problems with most

phosphoproteomic analysis platforms is the stochastic selection of peptides for analysis, and the

complexity of the data, which limits direct comparisons between many samples. The authors build a

collection of 298 phosphopeptides representing 284 phosphosites on 280 proteins, of which they

appear to be able to detect ~60-70% reliably in subsequent experiments.

Major Comments: 

1- Overall, the manuscript is more of a resource or technical article than a true description of new

biology. Nevertheless, I think, if the appropriate limitations of the panel are adequately addressed in

the text, it makes a very valuable contribution to systems-based studies of signaling, and is

appropriate for Molecular Systems Biology.

http://causalpath.org/


● We thank the reviewer for their positive view of our work.

2- A major shortcoming of the manuscript is the complete absence of a comprehensive signaling

diagram showing exactly which proteins and sites are being monitored with the technique. While the

selection of phosphosites is, of course, a matter of personal choice, it would have made more sense to

ensure that many of the key signaling pathways were represented. As best I can tell from the

Supplemental data and Excel spreadsheet, the selection of pathways captures some, but not all, sites

on proteins that are critically important in cell decision processes. For example, at least 5 sites on

mTOR and half a dozen mTOR substrates are measured, but there are no phosphorylation sites on

PI3KR1, DNA-PK, Cdc25A, B, or C, etc. As such, the panel seems to be heavily biased towards

measuring signaling in the MAPK, mTOR and Hippo space, with some, but not nearly

comprehensive elements of the PI-3K and apoptosis pathways, and other pathways much more

lightly sampled. This needs to be explicitly shown using a pathway diagram, or series of pathway

diagrams, so that the readers and adopters of the technology will know what is and is not adequately

sampled.

● We agree with the reviewer that a comprehensive diagram was missing from the manuscript.

We have now added a new figure 1B that shows all the proteins and the number of sites

represented in SigPath from the Hallmark gene sets. Since it would be hard to show names of

all the proteins in this diagram, we represented them with blue-colored boxes and used the

intensity of the blue color to represent the number of sites per protein. In this figure we also

added edges to show overlap between the different gene sets. We hope this diagram captures

the assay as represented with Hallmark gene sets.  Additional detail in list form is provided as

Table 1 and Dataset EV2.

3- The statement protein "phosphosites were selected to provide readouts on DNA damage, cell cycle

arrest, apoptosis, spindle checkpoint activation, hypoxia, autophagy, cell stress and epithelial-to-

mesenchymal transition" seems to overstate the conclusions that can be drawn from what is actually

being measured. To really understand the signaling in these pathways many additional components

would need to be measured. The sentence should be revised to indicate the preliminary nature of the

readouts that the panel provides. It is certainly an overstatement to claim that the readout of a single

site on ATM and Chk1, for example, is an adequate proxy for reading out DNA damage and cell

cycle arrest for example. Instead, the sites provide some preliminary information that could be used

in subsequent experiments to focus on things like DNA damage, cell cycle arrest, etc. and this should

be explicitly acknowledged.

We thank the reviewer and agree with this important comment. In the discussion on page 13 

we have added the following to make the limitations clearer: 
“It is important to note that the coverage of these pathways by the current SigPath assay 

is variable and incomplete, but the sites measured provide some preliminary 
information that can be used as starting points for further exploration. Furthermore, 
the assay can be expanded to include additional sites of interest.”  

4- The panel is then used to examine phosphorylation site changes at 2 time points - 6 and 24 hours

in LUAD H1322 cells treated with the ALK inhibitor ceritinib and CRC Ls513cells treated with the

MEK inhibitor Trametinib. The findings that the authors observe are consistent with what has been

observed in CPTAC data from patients with these tumor types. However, other than validating that

the panel can detect changes, we really learn almost nothing of biological consequence here. The

authors should add a diagram mapping the ALK signaling pathway including PTPN11, and the



adjacent relevant pathway such as ERBB3, EGFR, and JAK-STAT, showing which sites downstream 

from ALK on which proteins were the most and least down and up-regulated, which would provide 

much more biological context for the results. For example, the finding that PTPN11 Y542/580 

phosphorylation is reduced might be expected to result in reduced Erk phosphorylation (Miura et al, 

Oncogene, 2013), yet no such decrease in Erk phosphorylation is observed, possibly due to 

upregulation of ERBB3 and EGFR. This should be explained in a few more sentences, citing the 

appropriate references that support this. Can the authors provide some direct evidence of this by 

simply co-treating the cells with ceritinib plus and ERBB3/EGFR inhibitor and simply blotting for 

phosphoErk? This would markedly improve the manuscript, clearly extend the mass-spectrometry 

observations and confirm the tentative conclusions about activation of alternative Tyr kinase receptor 

pathways.  

● We agree that one cannot confidently infer biological consequences based solely on the

presented data, especially when dealing with something as complicated and nuanced as the

interplay between multiple RTKs. This is not, however, the chief objective of this

manuscript, which is instead focused on the methodology and upon use cases as proofs of

concept for the ability of the assay to generate specific, testable hypotheses across a range of

basic and translational applications. The findings put forward in that context require further

experimental validation that is beyond the scope of this manuscript.

We also thank the reviewer for pointing out the Miura, et al. Oncogene paper showing

PTPN11 phosphorylation paralleled by ERK phosphorylation. Consistent with that report, we

also observe clear downregulation of ERK1/2 (MAPK3/1) phosphorylation in the H1322 cell

line when treated with the ALK inhibitor ceritinib. This downregulation was observed at both

the 6 and 24 hour timepoints, but achieved statistical significance (FDR <0.05) only at the

latter time point together with the PTPN11 pY sites as shown in Figure 2A and 2B. While, as

noted above, complicated feedback mechanisms are likely to exist in these pathways, since in

this case pERK is decreased, consistent with expectations, we did not think the proposed

validation experiment was warranted.

5- The panel is then applied to six TNBC PDX model samples, with baseline values and values at 2

hours after a single dose, and at 50 hours after treatment with the PI-3K inhibitor buparlisib,

aapparent 2 or 3 doses. These studies appear to have been done with one mouse/tumor from each of

the PDX samples, but the caption to Figure 3A seems to indicate a total of 30 samples. Can the

authors clarify this discrepancy? The data shown in Figure 3 indicates single values of

phosphorylation - are these average values from multiple repeats, and if so, how much spread is there

in the data?

● We are sorry for the confusion about the total number of samples analyzed for this study.

Figure 3 shows 5 different PDX/mice models, each of which has undergone 5 different

treatments (2 hours Buparlisib, 50 hour Buparlisib, washout, 2 hour vehicle and 50 hour

vehicle). I.e, 6 models and 5 treatments each, in total amounting to 30 samples. We have now

clarified this in the figure legend.

6- The main thing that one can conclude from this limited study is that the single most resistant PDX

model appears to show the least effect of the drug on AKT phosphorylation at three well-established

sites. In this regard, the statement "Importantly, the SigPath targeted MS data clearly shows

quantitative differences in site modulation between the sensitive and resistant models upon

inhibition" seems to distort and overstate the findings since there does not seem to be any obvious



correlation between the levels of phosphorylation inhibition following drug treatment of the sensitive 

versus resistant models except for the single most resistant one.  

● We thank the reviewer for this thoughtful assessment, and agree that the impact of these

findings was overstated. We have made appropriate changes to the language of the main text,

which now focuses on the most resistant PDX model with respect to sites AKT1S1 pT246,

AKT pT308 and AKT pS473. We now emphasize that these are established

pharmacodynamic sites, not sites that we suggest to be response markers for PI3K inhibition,

in less ambiguous text on page 10, paragraph 4, and on page 11, paragraph 1. Furthermore,

our CasualPath analyses show a strong inhibition of PI3K related signaling at 2 hours, and

less at 50 hours, in line with our discovery data (Mundt et al.). Our CasualPath analyses are

now discussed on page 11, paragraph 1.

7- The other conclusion one can draw from this data is that the resistance of some of the PDXs to the

PI-3K inhibitor is not mediated at the level of AKT phosphorylation, suggesting the development of

resistance arises from other mechanisms, and perhaps this should be explicitly acknowledged.

● The conclusion reached by the reviewer that the observed resistance is not mediated

exclusively via the classical PI3K pathway is precisely the one advanced in the discovery

study, and we fully agree with the reviewer that it should be made explicit here. We

appreciate the recommendation, and have made commensurate changes to the main text

(page 11, paragraph 2).

8- Why is the phosphorylation status of MAPK3 not explicitly shown in Figure 3C, if its activity is

what the authors claim is responsible for resistance of the W12 PDX sample?

● Figure 3C was originally based exclusively on PI3K/AKT/mTOR sites. The phosphorylation

status of MAPK3/ERK1 (pY204) has now been added to figure 3C, and noted in the text.

9- The authors then apply the IMAC approach to query medulloblastoma samples from 38/40

previously analyzed tumors. They focus the text in the results section on two very interesting

molecules, YAP and TAZ. Here again, however, the lack of a deeper description of what the

results mean, in light of known biology, limits the conclusions they draw. For example, the

statement "The Yap1 protein is amplified and upregulated in hedgehog-associated

medulloblastomas (Fernandez et al., 2009) while the quantified Yap1 pS127 site indicates

inactivation of the protein in this subtype (Artinian et al., 2015)" is only partially correct.

Phosphorylation of YAP at Ser-127, and TAZ at Ser-89 results in 14-3-3 binding and

cytoplasmic sequestration of these molecules (c.f. Kanai et al. EMBO J, 2000, Zhao et al.,

Genes and Development 2007) and limits their ability to co-activate TEAD transcription

factors that contribute to proliferation. I believe that clarifying and explaining this aspect of

the findings provides the reader with a better understanding of what the mass-spec results

might mean.

● We thank the reviewer for this observation, and for the specific guidance with respect to

interpretation of some of the findings. In a systematic effort to more deeply probe our results

in the context of known biology we have employed CausalPath analyses (described above)

suggesting among other things activation of YES1, an upstream regulator of YAP1. We have



also availed ourselves of the reviewer’s expertise in directly incorporating the insights 

regarding 14-3-3 binding, sequestration and the consequent limitations on TEAD 

transcription factor co-activation (PP 12-13). 

Minor comments 

10- The fact that the pY and IMAC mixtures are spiked with labelled peptides should be mentioned

early in the Results section.

● This detail has now been added to the SigPath assay development section

11- Can the authors comment on whether the panel should be optimally used with some type of

isobaric labelling technique for serial time-sampled specimens in future studies?

● We are strong advocates for use of isobaric labeling combined with off-line fractionation pre-

LC-MS/MS analyses as these provide very broad and deep coverage of proteome,

phosphoproteome, etc. in serial time course analyses (e.g., drug perturbations in cell line

experiments). However, these experiments require expensive labeling and many, many hours

of on-instrument time. The SigPath assay can provide relevant (albeit limited) pathway

modulation information in 7-10-fold less time than required by discovery experiments, and

the quantitative precision of the measurements is much higher than for label-free, DIA or

TMT-based methods.

● As far as actually combining the panel of labeled peptides with an isobaric labeling strategy,

this can be done, but it carries the complication of 1) having to TMT label e.g., with

superheavy version of TMT and 2) using, for example, the TOMAHAQ method (Erickson et

al, PMID: 28065596). We have tested the TOMAHAQ method and find it to be far more

complicated to implement than the approach we have presented here. That said, while such a

comparison may be valuable, it is beyond the scope of the present paper. The SigPath assay

as is can be implemented on triple quadrupole instruments as well as non-tribrid instruments

like the Exploris, whereas one needs a much more expensive and complicated instrument

capable of MS3 like the Lumos to use TOMAHAQ.

https://www.ncbi.nlm.nih.gov/pubmed/28065596


6th Aug 20211st Revision - Editorial Decision

6th Aug 2021 

RE: MSB-2020-10156R, Highly mult iplexed quant itat ive phosphosite assay for biology and 
preclinical studies 

Thank you for sending us your revised manuscript . We have now heard back from the three 
reviewers who were asked to evaluate your study. The reviewers are sat isfied with the 
modificat ions made and they are support ive of publicat ion. They only list a few remaining minor 
concerns, which we would ask you to address in a minor revision. 

--------------------------------------------------------------------------- 



 ---------------------------------------------------------------------------- 

Reviewer #1: 

In this revision, Keshishian et  al. have addressed most  of the points that  they could address and 
we think that  the revised version looks fine in general. The main point  remains that  there is lit t le 
novelty or excit ing biology in t his paper but  there is lit t le to do about  this at  this point . 

The main focus of the presented study is to develop a targeted MS assay for quant ifying 
phosphosit es of biological interest . Therefore, it was essent ial to demonst rate the robustness and 
precision of the assay. 
The authors now support their case bet ter by: 

1. substant ially expanding the discussion on pract ical aspects like throughput and potent ial
limitat ions of their assay,
2. adding more detail to the results and method sect ions about how the assay was established,
3. and more important ly, performing addit ional experiments to show the precision and reproducibility
of phosphopept ide detect ion.

Addit ionally, they provided use cases as proofs of concepts to show how this assay can potent ially
be ut ilized and be helpful in biological and preclinical studies. One example (Figure 3B) shows
connect ions between regulated proteins by applying CausalPath analysis. 

They also appropriately toned down their claims, especially regarding the capability of their assay
and biological findings, and are now more inclusive in cit ing work outside - although this is st ill
incomplete. Other acquisit ion techniques and global phosphoproteome pipelines should be
acknowledged more, in our opinion. In Figure 1A, IMAC enrichment was described as ant ibody
enrichment. This should be corrected. 

Reviewer #2: 

I thank the authors for their response, appropriately addressing my concerns, or providing



explanat ions when not all suggest ions could be met. From the revised manuscript  and the
quest ions that were raised by all three reviewers a number of things have become clear: First , there
is an undeniable need for an assay that quant itat ively maps signaling act ivity across mult iple
pathways, and an MRM-based approach is arguably the best way to go. Yet, however easy it  is to
ask such a quest ion, its implementat ion is ut terly challenging in many respects. Exposing these
challenges and providing solut ions to them are the strengths of this paper, but also illustrat ing
limitat ions (better done in the revision than in the original manuscript) is not a weakness, but in fact
gains credibility by the displayed technical rigor. 

Second, the ability to quant ify a targeted set of phosphorylat ion events does not necessarily make
it  easier to infer biological regulat ion, as pointed out by Reviewer 3. Toning down the biological
implicat ions of the work with a more explicit  focus on method development is a logical
consequence. The not ion that this type of analyses not only answers quest ions, but may also (or
even primarily) raise new hypotheses for further invest igat ion can be regarded as another take-
away from this study. 

Third, SigPath is claimed as 'highly mult iplexed', however the chosen panel of targets current ly
represents only a minor segment of the cellular signaling space. Hence, the impact of SigPath can
only grow by expanding the assay to addit ional phosphosites, proteins and pathways. This may be
best done in a community effort , potent ially following the technical standard as described in the
current paper. 

Overall, the revised manuscript  demonstrates the potent ial of SigPath in biological and (pre)clinical
research, and I therefore recommend publicat ion of this excit ing work. 

Reviewer #3: 

The authors have adequately addressed the majority of my concerns. Important ly, many of the
overstated claims that were not fully supported by the data have been removed. Whilst  I would
have preferred that they experimentally test  one of the conclusions about pathway rewiring after
ALK inhibit ion, I concede that the value of the paper is more about the method at  this point  than
the underlying biology. The addit ion of the pathway diagrams into Figure 1 is a major improvement.
The more caut ious discussion adds to the scholarship of the presentat ion. Other than some typos
in the last  sentence on page 10, the paper reads better than the original version. I believe the paper
merits publicat ion.



Reviewer #1: 

In this revision, Keshishian et al. have addressed most of the points that they could address and 

we think that the revised version looks fine in general. The main point remains that there is little 

novelty or exciting biology in this paper but there is little to do about this at this point. 

The main focus of the presented study is to develop a targeted MS assay for quantifying 

phosphosites of biological interest. Therefore, it was essential to demonstrate the robustness 

and precision of the assay. 

The authors now support their case better by: 

1. substantially expanding the discussion on practical aspects like throughput and potential

limitations of their assay,

2. adding more detail to the results and method sections about how the assay was established,

3. and more importantly, performing additional experiments to show the precision and

reproducibility of phosphopeptide detection.

Additionally, they provided use cases as proofs of concepts to show how this assay can 

potentially be utilized and be helpful in biological and preclinical studies. One example (Figure 

3B) shows connections between regulated proteins by applying CausalPath analysis. 

They also appropriately toned down their claims, especially regarding the capability of their 

assay and biological findings, and are now more inclusive in citing work outside - although this 

is still incomplete. Other acquisition techniques and global phosphoproteome pipelines should 

be acknowledged more, in our opinion.  

We thank the Reviewer for positive comments about the revised manuscript. While we 
appreciate and share the Reviewer’s view that other technologies (global and targeted via use 
of antibodies) have been and are being actively used for phosphoproteome analysis, and 
indeed have referenced a number of those, our paper is focused entirely on the development 
and application of a targeted MS assay and is not intended as a review of the field. 

In Figure 1A, IMAC enrichment was described as antibody enrichment. This should be 

corrected. 

We thank the reviewer for catching this oversight and have now corrected it. 

Reviewer #2: 

I thank the authors for their response, appropriately addressing my concerns, or providing 

explanations when not all suggestions could be met. From the revised manuscript and the 

questions that were raised by all three reviewers a number of things have become clear: First, 

there is an undeniable need for an assay that quantitatively maps signaling activity across 

multiple pathways, and an MRM-based approach is arguably the best way to go. Yet, however 

easy it is to ask such a question, its implementation is utterly challenging in many respects. 

19th Aug 20212nd Authors' Response to Reviewers



Exposing these challenges and providing solutions to them are the strengths of this paper, but 

also illustrating limitations (better done in the revision than in the original manuscript) is not a 

weakness, but in fact gains credibility by the displayed technical rigor. 

Second, the ability to quantify a targeted set of phosphorylation events does not necessarily 

make it easier to infer biological regulation, as pointed out by Reviewer 3. Toning down the 

biological implications of the work with a more explicit focus on method development is a logical 

consequence. The notion that this type of analyses not only answers questions, but may also 

(or even primarily) raise new hypotheses for further investigation can be regarded as another 

take-away from this study. 

Third, SigPath is claimed as 'highly multiplexed', however the chosen panel of targets currently 

represents only a minor segment of the cellular signaling space. Hence, the impact of SigPath 

can only grow by expanding the assay to additional phosphosites, proteins and pathways. This 

may be best done in a community effort, potentially following the technical standard as 

described in the current paper. 

Overall, the revised manuscript demonstrates the potential of SigPath in biological and 

(pre)clinical research, and I therefore recommend publication of this exciting work. 

We thank the reviewer for appreciating the importance of the enterprise, the complexity of its 

implementation, and the strong foundation that SigPath represents. We are glad our efforts in 

revision were found to be satisfactory, and reiterate that in responding to all three reviewers we 

think the manuscript was considerably strengthened. 

Reviewer #3: 

The authors have adequately addressed the majority of my concerns. Importantly, many of the 

overstated claims that were not fully supported by the data have been removed. Whilst I would 

have preferred that they experimentally test one of the conclusions about pathway rewiring after 

ALK inhibition, I concede that the value of the paper is more about the method at this point than 

the underlying biology. The addition of the pathway diagrams into Figure 1 is a major 

improvement. The more cautious discussion adds to the scholarship of the presentation. Other 

than some typos in the last sentence on page 10, the paper reads better than the original 

version. I believe the paper merits publication. 

We thank the reviewer for the positive feedback, for recognizing the centrality of Sigpath assay 

development and application to this manuscript, and for guidance in ensuring a suitably 

measured exposition. We did not identify typographical errors on the last sentence of page 10; 

however we further refined the sentence to improve clarity. It now reads “Inhibition of these 

phosphorylation…”. 



20th Aug 20212nd Revision - Editorial Decision

Thank you again for sending us your revised manuscript . We are now sat isfied with the 
modificat ions made and I am pleased to inform you that your paper has been accepted for 
publicat ion. 
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