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distribution with the other activating mutations of the major downstream serine/threonine kinase path-
ways, PI3K/AKT and MAPK/ERK5. However, phosphorylation levels of proteins, and therefore activi-
ties of signaling pathways, are determined by the balance of phosphatase and kinase activity6. Protein 
phosphatase 2A (PP2A) either alone or together with PP1 dephosphorylates the majority of all serine 
and threonine phosphorylated proteins7,8. PP2A activity is commonly inhibited in cancer cells by over-
expression of endogenous inhibitor proteins9, inactivating mutations and deletions of certain subunits7,10, 
and post-translational modi�cations of the catalytic subunit11. Cancerous inhibitor of PP2A (CIP2A) is 
an endogenous inhibitor of PP2A with oncogenic properties12. It is overexpressed and correlates with 
disease progression in wide variety of human cancers13. Importantly, it has been shown that PP2A antag-
onizes oncogenic activity of hyperactivated RAS in cellular transformation14�17 and in cell cycle control18, 
and furthermore, PP2A inhibition by CIP2A overexpression synergizes with the RAS-mediated trans-
formation12,19. However, even though PP2A is known to regulate several RAS e�ector kinase pathways3 
(Fig.� 1a), it has not been systematically assessed how RAS activity and PP2A inhibition functionally 
cooperate in regulation of protein phosphorylation.

Phosphoproteomics analysis allows for site-speci�c identi�cation and quanti�cation of a large num-
ber of phosphoproteins20�27. A general work�ow consists of proteolytic digestion of proteins and then 
selective enrichment for phosphopeptides prior to their analysis by liquid chromatography-tandem mass 
spectrometry (LC-MS/MS). Optimized sample preparation procedures and recent MS instruments enable 
hundreds or thousands of phosphopeptide identi�cations from the single measurement. Quanti�cation 

Figure 1.  A schematic e�ect of a normalization bias caused by manipulation of RAS and PP2A 
phosphoproteomes (a) Protein phosphatase 2A (PP2A) participates in the regulation of a large part of 
phosphoproteome, including major serine/threonine kinases AKT and ERK that are also key downstream 
e�ectors of the RAS oncoproteins. RNAi mediated depletion of RAS, PP2A activation by depletion of 
CIP2A protein, and PP2A inhibition by OA were used as model perturbations, to study the in�uence 
of global phosphorylation changes on the performance of di�erent normalization methods in label-free 
quantitative phosphoproteomics. (b) Centering normalization is o�en used in quantitative proteomics and 
phosphoproteomics data (upper panel). However, a global phosphorylation change shi�s the distribution 
of the phosphorylation ratios (middle panel). In such cases, centering leads to normalization bias, which 
introduces false positive phosphorylations in the opposite direction from the global change and also false 
negatives in the direction of the global change (lower panel).
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TiO2-enriched samples, we investigated how di�erent normalization methods a�ect the outcomes of 
label-free phosphoproteomics studies. First, we tested the commonly used normalization methods, 
including centering normalizations (global median ratio centering and quantile-based normalization, 
henceforth global centering and quantile centering, respectively) and the normalization by spiked inter-
nal standards (� -casein phosphopeptides). �e fold change distributions of phosphopeptide ion fea-
tures were monitored for the CIP2A, RAS, and OA samples compared to the control 1 samples. In the 
non-normalized data we observed mostly upregulations compared to the control 1 samples (Fig.�3a,b). 
As expected, the normalizations had a large impact on the distributions in terms of shi�ing their mean/
median values (Fig.�3a). �ese shi�s were re�ected in the ratio of up- and down-regulated phosphoryla-
tions (di�erentially regulated phosphosites compared to the control 1 samples; t-test, p �  0.01) (Fig.�3b). 
�e global centering and the quantile centering normalizations of the data yielded similar ratios of the 
regulated phosphorylations across all the treatments (50�63% upregulation). In contrast, the casein 
normalization failed to correct the unlikely result of pronounced upregulation in all samples in the 
non-normalized data (Supplementary Fig. 2a). Variations in spiking � -casein, presumably due to the 
limited accuracy in protein concentration measurement of cell lysates, seem to have contributed to this 
trend (Supplementary Fig. 2b). �ereby we conclude that use of any of the tested normalization meth-
ods do not reveal the expected profound upregulation of protein phosphorylation by OA treatment and 
downregulation by CIP2A and RAS depletions.

Pairwise normalization developed for label-free quantitative phosphoproteomics.  As illus-
trated in Fig.� 1b and also exempli�ed in Fig.� 3, the centering normalization methods may introduce 
a systematic error into label-free quantitative phosphoproteomics in some cases, and even result in 
quanti�cation bias. However, as mentioned above, if the assumptions of the centering normalization do 
not hold, predicting the original phosphoproteome pro�les is challenging when phosphopeptides are 
enriched without labeling. In this study, we rationalized that normalization of TiO2-enriched phospho-
peptides could be corrected by using phosphopeptides observed prior to the enrichment as reference 
peptides. As the non-enriched digests are dominated by nonphosphorylated peptides (99.5% of the quan-
ti�ed peptides, see Table�1), their normalization is not signi�cantly in�uenced by global phosphorylation 
changes. �erefore, it is expected that phosphopeptide abundance in the non-enriched samples can be 
more accurately quanti�ed based on the centering normalization than that in the enriched samples. We 
used phosphopeptides that were quanti�ed both in the non-enriched digests and TiO2-enriched samples, 
and calculated a digest/TiO2 abundance ratio for each phosphopeptide a�er global centering normali-
zation (Fig.� 2b). �e TiO2-enriched data were then normalized using the median of these ratios as a 

HeLaa,b

Alpha-caseina 
(spiked protein)All

High con�dence 
site (1% FLR)

TiO2-enriched samples

  Phosphopeptide spectral matches (0.18% FDR) 41605 29029 1677

  Identi�ed phosphopeptides 4519 2740 37

  Quanti�ed phosphopeptide features 4026 2935 73

  Quanti�ed phopshopeptides 3073 2217 27

  Quanti�ed phosphosite combinations 2621 1873

    Phosphosites 2911 2051

    Phosphoproteins 1255 1067

Non-enriched digests

  Peptide spectral matches (0.15% FDR) 176681 750

  Identi�ed peptides 16344 31

  Identi�ed phosphopeptides 89 51 8

  Quanti�ed features 16922 60

  Quanti�ed peptides 14015 31

  Quanti�ed phosphopeptides 68 43 8

  Quanti�ed proteins 2567

    � 1 unique peptides quanti�ed 1724

Table 1.   Identi�cation and quanti�cation of HeLa proteins and phosphorylations. aA peptide with and 
without methionine oxidation was counted as 1. bPhosphosites shared by di�erent proteins were counted 
repeatedly, i.e. those were redundant.
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normalization factor. We observed a total of 52 phosphopeptides for this purpose, of which 41 were used 
for calculating the normalization factor (Fig.�2b). Eleven were excluded as outliers due to not being quan-
ti�ed in every sample or due to having extreme fold changes between samples (Supplementary Fig. 3).

As the proposed strategy is based on pairwise comparison of the same phosphopeptides from 
non-enriched and TiO2-enriched samples, we call this novel method as pairwise normalization method. 
�e pairwise normalization factors were calculated based on two centering normalizations of the 
non-enriched digest data, i.e. global centering and quantile centering normalizations. �ese are termed 
as global pairwise and quantile pairwise normalizations, respectively, and their performance was eval-
uated. In contrast to the other three normalizations (Fig.� 3 and Supplementary Fig. 2), both of the 
pairwise normalization methods resulted in signi�cantly larger di�erence between the OA and CIP2A/
RAS samples (Supplementary Table 6), with majority of phosphorylations upregulated in the OA samples 
(global pairwise: 67%, quantile pairwise: 85%) (Fig.� 3c,d). Furthermore, the expected downregulation 
was clearly observed in the CIP2A and RAS samples in the global-pairwise-normalized data (96% and 
93%, respectively). Based on these results, the global pairwise normalization conformed best to the orig-
inal hypothesis illustrated in Fig.�1a.

To challenge our observation, we further looked into the distributions of phosphopeptide fea-
ture abundance and fold change ratios. Regardless of the normalization, the fold change distribu-
tion in the OA samples was markedly wider than in the CIP2A or RAS samples (Fig.� 3a,c). In the 
global-pairwise-normalized data, this could be attributed to upregulation, o�en several fold, of a large 
number of low abundance features in the OA samples, compared to those in the control 1 samples 
(Supplementary �g. 4a). �e abundance distribution change in the CIP2A samples was subtler but a 
large number of phosphopeptide ions, mainly high abundance ones, were shi�ed towards the median 

Figure 3.  Fold change distributions of phosphorylations a�er di�erent normalizations. (a) Fold changes 
for each phosphopeptide ion feature was calculated for the CIP2A, RAS, or OA samples compared to the 
control 1 samples (log-transformed). �e abundance of the features was normalized with global centering 
and quantile centering methods. Median and mean levels are marked with a solid and dashed line on 
the box plots, respectively, and whiskers represent 1.5 �  interquartile range. (b) Ratio of up- and down-
regulated phosphosites (di�erentially regulated phosphosites compared to the control 1 samples; t-test, 
p �  0.01) is shown for both normalization methods and non-normalized data. Abundances of the features 
with identical protein phosphorylations were summed up for calculating phosphosite abundance. �e 
centering normalizations resulted in similar ratios of up- and downregulated phophosites in contrast to 
the expected phosphoproteome changes (i.e. increase in protein phosphorylation a�er OA treatment and 
dephosphorylation a�er CIP2A or RAS depletion, refer to Fig.�1a). (c) Fold changes of phosphopeptide 
features and (d) ratio of up- and down-regulated phosphosites (t-test, p �  0.01) a�er pairwise 
normalizations. Global pairwise normalization of the data resulted in the best agreement with the expected 
global phosphoproteome changes (see Fig.�1a).
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