
  

 

Manuscript  

Template 
 

Science Advances                                               Manuscript Template                                                                                           Page 

1 of 30 

 

Title  1 

 Full title: Deep top-down proteomics revealed significant proteoform-level differences 2 

between metastatic and non-metastatic colorectal cancer cells  3 

 Short title: Top-down proteomics of colorectal cancer cells 4 

 5 

Authors 6 

Elijah N. McCool,1,‡ Tian Xu,1, ‡ Wenrong Chen,2, ‡ Nicole C. Beller,3 Scott M. Nolan,1    7 

Amanda B. Hummon,3,4,* Xiaowen Liu,5,* Liangliang Sun1,* 8 

 9 

Affiliations  10 

1Department of Chemistry, Michigan State University, 578 S Shaw Lane, East Lansing, 11 

Michigan 48824, United States 12 

2Department of BioHealth Informatics, Indiana University-Purdue University 13 

Indianapolis, 719 Indiana Avenue, Indianapolis, Indiana 46202, United States 14 

3Department of Chemistry and Biochemistry, The Ohio State University, 100 West 18th 15 

Avenue, Columbus, Ohio, United States 43210 16 

4The Comprehensive Cancer Center, The Ohio State University, 500 West 12th Avenue, 17 

Columbus, Ohio 43210, United States 18 
                  5Deming Department of Medicine, School of Medicine, Tulane University, 1441 Canal 19 

Street, New Orleans, LA, United States 70112 20 

 21 

‡ Those authors contributed equally to this work.  22 

* Corresponding authors.  23 

Amanda B. Hummon 24 

Email: hummon.1@osu.edu 25 

Phone: 1-614-688-2580 26 

Xiaowen Liu 27 

xwliu@tulane.edu 28 

Phone: 1-504-988-9136 29 

Liangliang Sun 30 

Email: lsun@chemistry.msu.edu 31 

Phone: 1-517-353-0498 32 

 33 

 34 

 35 

 36 

 37 

 38 

 39 



Science Advances                                               Manuscript Template                                                                Page 2 of 30 

 

Abstract 40 

Understanding cancer metastasis at the proteoform level is crucial for discovering new 41 

protein biomarkers for cancer diagnosis and drug development. We present the first top-42 

down proteomics (TDP) study of a pair of isogenic human non-metastatic and metastatic 43 

colorectal cancer (CRC) cell lines (SW480 and SW620). We identified 23,622 44 

proteoforms of 2,332 proteins from the two cell lines, representing nearly 5-folds 45 

improvement in the number of proteoform identifications (IDs) compared to previous TDP 46 

datasets of human cancer cells. We revealed significant differences between the SW480 47 

and SW620 cell lines regarding proteoform and single amino acid variants (SAAVs) 48 

profiles. Quantitative TDP unveiled differentially expressed proteoforms between the two 49 

cell lines and the corresponding genes had diversified functions and were closely related 50 

to cancer. Our study represents a pivotal advance in TDP towards the characterization of 51 

human proteome in a proteoform-specific manner, which will transform basic and 52 

translational biomedical research. 53 

 54 

Teaser 55 

Top-down proteomics of colorectal cancer cells provides proteoform-level knowledge 56 

about cancer metastasis. 57 

 58 

MAIN TEXT 59 

 60 

Introduction 61 

 62 

Colorectal cancer (CRC) is the third most common cancer worldwide and has a high 63 

mortality rate even with recent improvements in therapies.1,2 CRC metastasis is the main 64 

cause of CRC-related death. New insights into the molecular mechanisms of CRC 65 

metastasis will undoubtedly be beneficial for developing more effective drugs.3-5 66 

Extensive studies have been completed with the goal of understanding CRC metastasis at 67 

the transcriptome level, generating tremendous information about the landscape of mRNA 68 

across different stages of CRC. [6,7] However, nucleic-acid–based measurements do not 69 

correlate well with protein abundance, which are the primary effectors of function in 70 

biology.[8] Quantitative bottom-up proteomics (BUP) studies of metastatic and non-71 

metastatic CRC cell lines have discovered new protein regulators involved in CRC 72 

metastasis.[4,9,10] BUP usually provides limited information on the proteoforms, which 73 

represent all possible protein molecules derived from the same gene resulting from genetic 74 

variations, RNA alternative splicing, and protein post-translational modifications 75 

(PTMs).[11,12] Mass spectrometry (MS)-based top-down proteomics (TDP) directly 76 

measures intact proteoforms and provides opportunities to study functions of specific 77 

proteoforms.[13,14] Unfortunately, there is still no report in the literature about studying 78 

CRC metastasis using TDP, and this study will help to fill that gap.  79 

Here, we performed the first deep TDP study of metastatic (SW620) and non-metastatic 80 

(SW480) human CRC cell lines, aiming to produce a comprehensive proteoform-level 81 

view of the two isogenic CRC cell lines and discover novel proteoform biomarkers of 82 

CRC metastasis. We employed four different capillary zone electrophoresis (CZE)-tandem 83 

MS (MS/MS) approaches, 1-D CZE-MS/MS, 2-D size exclusion chromatography (SEC)-84 

CZE-MS/MS, 2-D reversed-phase liquid chromatography (RPLC)-CZE-MS/MS, and 3-D 85 

SEC-RPLC-CZE-MS/MS analyses of the two cell lines for proteoform identification (ID) 86 

and label-free quantification (LFQ), Figure 1. For 1-D CZE-MS/MS, each sample was 87 

analyzed by CZE-MS/MS in technical triplicate. For 2-D SEC-CZE-MS/MS, each sample 88 
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was fractionated by SEC into 6 fractions, followed by CZE-MS/MS in technical triplicate. 89 

For 2-D RPLC-CZE-MS/MS, we fractionated each sample to 6 or 13 fractions by RPLC 90 

and analyzed each LC fraction by single-shot CZE-MS/MS (RPLC 13 fractions) or 91 

triplicate CZE-MS/MS measurements (RPLC 6 fractions). For 3-D SEC-RPLC-CZE-92 

MS/MS, 52 LC fractions were collected for each sample, followed by CZE-MS/MS in 93 

technical triplicate. From 1-D separation to 3-D separations, the required amount of 94 

starting protein materials increased (from 100 µg to 2 mg) due to the unavoidable sample 95 

loss during sample collections and transfers. The TopPIC (version 1.4.0) software was 96 

used for data analysis,[15] and a 1% proteoform-level false discovery rate (FDR) was used 97 

to filter the database search results.  98 

Results  99 

Identification of over 23,000 proteoforms from CRC cells using CZE-MS/MS  100 

One long-term goal of TDP is to characterize all the millions of proteoforms in the human 101 

body.[16,17] During the last decade, because of the improvement of proteoform sample 102 

preparation, LC and CZE separations, MS and MS/MS, 3,000-5,000 proteoforms 103 

corresponding to roughly 1,000 genes can be identified from one human cell line using 104 

LC-MS/MS-based platforms,[18-22] and up to 6,000 proteoform IDs corresponding to 850 105 

genes have been reported from an E. coli sample using a CZE-MS/MS-based workflow.[23] 
106 

Only one TDP study of a human cell line using CZE-MS/MS was reported with the 107 

identification of about 500 proteoforms.[24] Recently, the Kelleher group reported the 108 

identification of ~30,000 proteoforms of 1,690 human genes from 21 human cell types and 109 

plasma using RPLC-MS/MS-based strategies, representing a milestone in large-scale 110 

TDP.[21] On average, nearly 3,000 proteoforms were identified from one of the 21 human 111 

cell types.  112 

In this work, we performed the first global TDP study of a pair of isogenic human non-113 

metastatic and metastatic CRC cell lines (SW480 and SW620). Four different strategies 114 

were employed, Figure 1. We first compared the four different CZE-MS/MS strategies 115 

listed in Figure 1B in terms of the number and efficiency of proteoform IDs from the 116 

SW480 cells, Figure 2A. SEC-RPLC-CZE-MS/MS outperformed SEC-CZE-MS/MS, 117 

RPLC-CZE-MS/MS, and CZE-MS/MS in terms of the number of proteoform IDs due to 118 

better LC fractionation (2-D LC vs. 1-D or no LC) and much more CZE-MS/MS runs (52 119 

vs. 6 and 13).  In terms of the proteoform identification efficiency (the number of 120 

proteoform IDs per CZE-MS/MS run), the SEC-CZE-MS/MS (6 LC fractions) produced 121 

nearly 700 proteoform IDs per run, which is nearly 6-fold and 4-fold higher than those 122 

from SEC-RPLC-CZE-MS/MS and CZE-MS/MS, respectively. We drew two conclusions 123 

from the data. First, multi-dimensional separation is crucial for large-scale TDP analysis 124 

of human cell lysates due to their extremely high complexity. Second, SEC-CZE-MS/MS 125 

and RPLC-CZE-MS/MS under an optimized condition are powerful techniques for deep 126 

TDP of human cell lysates with high throughput.  127 

In total, we collected over 400 MS raw files using the four CZE-MS/MS-based strategies 128 

and identified 23,622 proteoforms of 2,332 proteins from the SW480 and SW620 cell 129 

lines with a 1% proteoform-level FDR. The number of proteoform IDs from the CRC cells 130 

is about 5-8 fold higher than that reported in previous TDP studies of human cancer cells 131 

(23,622 vs. 3,000-5,000 proteoforms).[18-20] 17,316 and 14,504 proteoforms (on average 132 

15,910 proteoforms) were identified from SW480 and SW620 cell lines, respectively, 133 

representing about 3-fold improvement in the number of proteoform IDs per human cell 134 
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line compared to previous LC-MS/MS-based TDP datasets. The number of proteoform 135 

IDs is about 30-fold higher than previous human cell TDP datasets by CZE-MS/MS 136 

(~16,000 vs. ~500).[24] Figure 2B shows the number of proteoform IDs per complex 137 

sample using TDP in previous works and this study.[18-23] Table S1 summarizes the details 138 

of those studies.  139 

We need to point out that the nearly 16,000 proteoform IDs from SW480 or SW620 cells 140 

combine the results of four different CZE-MS/MS-based strategies and about 200 CZE-141 

MS/MS runs. The previous literature studies typically employ one LC-MS/MS or CZE-142 

MS/MS-based approach.[18-23] We also included the data of SW480 and SW620 cells from 143 

only SEC-CZE-MS/MS in Figure 2B. A total of 5,855 and 6,273 proteoforms 144 

(mean±standard deviation: 6,064±296) were identified from SW480 and SW620 cells, 145 

respectively, by SEC-CZE-MS/MS, via 18 CZE-MS/MS runs (6 SEC fractions × 3 CZE-146 

MS/MS runs/fraction). The SEC-CZE-MS/MS produced significantly higher proteoform 147 

IDs (6,000 vs. 3,000-5,000) from a single human cell line than LC-MS/MS-based 148 

approaches in the literature with a drastically lower number of MS runs (18 vs. 40-800). 149 

The data clearly demonstrate the power of our CZE-MS/MS-based TDP strategy for 150 

comprehensive characterization of proteoforms in complex proteome samples. We 151 

attribute the drastic improvement of proteoform IDs to the high separation efficiency of 152 

CZE for proteoforms, [25] high sensitivity of CZE-MS for proteoform detection, [25-27] and 153 

high orthogonality of LC and CZE for biomolecule separations. [23,28] The features of 154 

CZE-MS/MS for TDP have been systematically reviewed recently. [29,30] The list of 155 

identified proteoforms is shown in Supplementary Material II. 156 

We further compared the proteoforms and proteins identified from the SW480 and SW620 157 

cells using the SEC-CZE-MS/MS data. Figure 2C shows the heat map of proteoform 158 

overlaps among technical replicates of SW480 and SW620 cells. About 60-70% of 159 

proteoforms identified in one technical replicate of SW480 or SW620 cells were also 160 

identified in another replicate of the same cell line, indicating reasonable reproducibility 161 

of proteoform ID using SEC-CZE-MS/MS and the data-dependent acquisition mode. 162 

Figure S1 shows base peak electropherograms of triplicate CZE-MS/MS measurements of 163 

the SW620 cell lysate (one SEC fraction), indicating good reproducibility of CZE-MS/MS 164 

for complex proteome samples regarding separation profile and base peak intensity. 165 

Interestingly, only about 40-50% of proteoforms identified in one replicate of SW480 cells 166 

(e.g., SW480_1) were identified in one replicate of SW620 cells (e.g., SW620_1). The 167 

proteoform overlaps in Figure 2C between the two cell lines are statistically significantly 168 

lower than that within each cell line (44±4% vs. 67±4%, p<10-14, two-tailed student’s t-169 

test). The data clearly demonstrate that the pair of isogenic human non-metastatic 170 

(SW480) and metastatic (SW620) CRC cell lines have significantly different proteoform 171 

profiles. The two cell lines are also significantly different at the protein level, as 172 

demonstrated by the protein overlaps shown in Figure S2. The difference in protein 173 

overlaps between the two cell lines and within each cell line is statistically significant 174 

(69±8% vs. 83±3%, p<10-6, two-tailed student’s t-test). 175 

TDP has some technical challenges for the identification of large proteoforms (i.e., >30 176 

kDa). In this work, we focused on the characterization of proteoforms smaller than 30 kDa 177 

using a Thermo Q-Exactive HF mass spectrometer. Figure S3 shows the mass distribution 178 

of identified proteoforms from SW480 and SW620 cells. The majority of identified 179 

proteoforms are 10 kDa or smaller, which is one main limitation of this study. It is worth 180 
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noting that 1600-2200 proteoforms have masses larger than 10 kDa. Figure 2D shows the 181 

sequences and fragmentation patterns of two example proteoforms. Those two 182 

proteoforms were identified with high confidence and were also well characterized with 183 

N-terminal methionine removal and N-terminal acetylation. 184 

Proteoforms of important genes in well-known CRC-related pathways 185 

We further performed QIAGEN Ingenuity Pathway Analysis (IPA) analysis of the genes 186 

identified in this work by the four CZE-MS/MS-based strategies and determined several 187 

significantly enriched and well-known CRC-related pathways, including WNT/β-catenin 188 

Signaling (p-value: 10-3), PI3K/AKT Signaling (p-value: 10-4), mTOR Signaling (p-value: 189 

10-14), and ERK/MAPK Signaling pathways (p-value: 10-4). [31,32] Those pathways play 190 

critical roles in CRC progression via regulating cell proliferation, apoptosis, survival and 191 

etc. We identified hundreds of proteoforms from dozens of genes for each pathway, 192 

Figure 3A. The lists of proteoforms are shown in Supplementary Material II. 193 

Comparable numbers of proteoforms were identified from SW480 and SW620 cells for 194 

PI3K/AKT Signaling, mTOR Signaling, and ERK/MAPK Signaling pathways. An 195 

obviously higher number of proteoforms was obtained from SW480 cells compared to 196 

SW620 cells for the WNT/β-catenin Signaling pathway (511 vs. 340). Combination of the 197 

data from SW480 and SW620 cells produced about 40% more proteoforms related to the 198 

four CRC pathways compared to one cell line alone, indicating the potential differences in 199 

proteoform profiles for the well-known CRC-related pathways between the non-metastatic 200 

and metastatic CRC cell lines. As shown in Figure 3B, the shared proteoforms between 201 

SW480 and SW620 cells for each pathway is only about 21%-38% of the total 202 

proteoforms identified from the two cell lines. The data suggest that proteoforms in those 203 

pathways could potentially play important roles in driving CRC progression and 204 

metastasis. 205 

We highlighted some proteoforms of important genes (MARK2, SOX9, EIF4B, and 206 

EIF4EBP1) related to the WNT/β-catenin Signaling, mTOR Signaling, and PI3K/AKT 207 

Signaling pathways in Table 1. MARK2 plays vital roles in modulating directional cancer 208 

cell migration, which is crucial for cancer metastasis.[33] SOX9 is a high mobility group 209 

(HMG) box transcription factor and plays essential roles in regulating CRC 210 

progression.[34] Expression of SOX9 is closely associated with the 5-year overall survival 211 

rate of CRC patients.[34] EIF4B regulates cancer cell proliferation and has been reported as 212 

a potential target for developing anti-cancer therapies.[35] Phosphorylation of EIF4EBP1 213 

has been reported as an important regulator of cancer progression.[36]  214 

We identified some phosphorylated proteoforms of those genes, which are unique to either 215 

SW480 or SW620 cells, Table 1. For example, two phosphorylated proteoforms of 216 

MARK2 and Sox9 in the WNT/β-catenin Signaling were exclusively identified in the 217 

SW480 cells; two phosphorylated proteoforms of EIF4B in the mTOR Signaling pathway 218 

were identified solely in the SW620 cells. SW480 and SW620 cells have different 219 

phosphorylated proteoforms of EIF4EBP1 in the PI3K/AKT Signaling pathway. We 220 

further manually checked the intensities of those proteoforms in the SW480 and SW620 221 

raw files by matching the m/z, charge state, and migration time information from the 222 

database search. The proteoform intensity data agree well with the database search results, 223 

Table 1. For example, the three phosphorylated proteoforms identified solely in SW620 224 

cells have roughly 6-60-fold higher intensity in SW620 cells compared to SW480 cells. 225 

The extracted ion electropherograms (EIEs) of the two EIF4B phosphorylated proteforoms 226 
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from triplicate CZE-MS/MS analyses are shown in Figures S4 and S5. The data further 227 

suggests good reproducibility of proteoform measurements in terms of base peak 228 

proteoform intensity from technical triplicates (relative standard deviations (RSDs) 229 

≤25%). Protein phosphorylation is well known for modulating cancer progression, 230 

including CRC. Although the roles of those four genes in regulating cancer progression 231 

have been well studied, the specific functions of those phosphorylated proteoforms of the 232 

genes have not been investigated. Here, for the first time, we documented the significant 233 

differences in protein phosphorylation of those genes between a non-metastatic and a 234 

metastatic CRC cell lines in a proteoform-specific manner. Those phosphorylated 235 

proteoforms could be central to the progression of CRC metastasis. 236 

Proteoforms with PTMs and single amino acid variants 237 

Protein PTMs modulate their biological function. For example, protein N-terminal 238 

acetylation influences the stability, folding, binding, and subcellular targeting of 239 

proteins.[37] Protein phosphorylation is well known for regulating cell signaling, gene 240 

expression, and differentiation.[38] Protein methylation plays important roles in modulating 241 

transcription.[39] All the data analyses in the following parts of the manuscript are based on 242 

the combined data from SEC-CZE-MS/MS, RPLC-CZE-MS/MS, and SEC-RPLC-CZE-243 

MS/MS corresponding to 23,319 proteoforms (Supplementary Material II) unless 244 

specified otherwise.  245 

This large-scale TDP study identified 4,872 proteoforms with N-terminal acetylation (+42 246 

Da mass shift), 319 proteoforms with phosphorylation [+80 Da (single phosphorylation) 247 

or +160 Da (double phosphorylation) mass shift], 321 proteoforms with methylation (+14 248 

Da mass shift), and 241 proteoforms with oxidation (+16 Da mass shift), Figure 4A. TDP 249 

is powerful for the characterization of combinations of various PTMs on proteoforms. 250 

Here we identified 54 proteoforms with two phosphorylation sites and 90 proteoforms 251 

with both acetylation and phosphorylation PTMs. Figure 4B shows the sequences and 252 

fragmentation patterns of 28 kDa heat- and acid-stable phosphoprotein (PDAP1) and 253 

Calmodulin-1 (CALM1) proteoforms with either two phosphorylation sites or the 254 

combination of N-terminal acetylation and one lysine trimethylation. Those PTMs of the 255 

two proteins agree with the literature data.[40, 41] Those two proteoforms were identified 256 

with high confidence and were well characterized in terms of PTMs. PDAP1 and CALM1 257 

are both prognostic markers of cancer according to the Human Protein Atlas 258 

(https://www.proteinatlas.org/). However, the potential roles of those specific proteoforms 259 

of PDAP1 and CALM1 in cancer are still not clear. The capability of TDP for delineating 260 

those proteoforms opens the door of further investigating their potential functions in CRC. 261 

One important value of TDP is its capability for delineation of various proteoforms from 262 

the same gene (proteoform family).[42] Figure 4C shows one example of CALM1 263 

proteoform family. CALM1 modulates many enzymes (kinases and phosphatases), ion 264 

channels, and many other proteins by calcium-binding. We identified 75 proteoforms of 265 

CALM1. Nearly 70% of those proteoforms start at the position 2 with the N-terminal 266 

methionine removal. Various truncated proteoforms, for example, with the starting 267 

positions around 40, 60, 80 and 120, were identified in a much lower frequency. The 268 

number of proteoform spectrum matches (PrSMs) can be used to roughly estimate the 269 

relative abundance of proteoforms.[21] For the CALM1 proteoforms starting from position 270 

2, about 90% of the corresponding PrSMs match to proteoforms covering the whole 271 

protein sequence (2-149), called intact proteoforms. The PrSMs corresponding to other C-272 

https://www.proteinatlas.org/
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terminally truncated proteoforms only account for 3% or lower. The intact proteoforms 273 

have various PTMs, including acetylation/trimethylation, oxidation, and phosphorylation. 274 

The intact proteoforms of CALM1 with a 42-Da mass shift (acetylation/trimethylation) are 275 

the most abundant forms; intact proteoforms with additional oxidation (a 58-Da mass 276 

shift) or phosphorylation (a 122-Da mass shift) have much lower abundance according to 277 

the number of PrSMs of those proteoforms.    278 

Cancers result from gene mutations, which produce proteoforms containing amino acid 279 

variants (AAVs). Although transcriptomic analysis can provide ample information about 280 

gene mutations and possible AAVs on proteins, it is valuable to detect proteoforms 281 

containing AAVs directly because gene expression can be regulated post-transcriptionally. 282 

BUP has been used for the identification of peptides containing single AAVs (SAAVs) 283 

from cancer cells.[43] The Kelleher group reported the identification of 10 proteoforms 284 

containing SAAVs from breast tumor xenografts in one TDP study.[44] Here we identified 285 

111 proteoforms containing SAAVs of 82 genes from the SW480 and SW620 cell lines 286 

with a proteogenomic approach with a 5% proteoform-level FDR, representing one order 287 

of magnitude improvement in the number of identified proteoforms containing SAAVs 288 

compared to previous studies of cancer cells, Figure 4D. The SEC-CZE-MS/MS and 289 

RPLC-CZE-MS/MS (RPLC 6 fractions) data were used for the analysis. The 290 

transcriptomic variants based on the available RNA-Seq data were incorporated into the 291 

protein database for the identification of proteoforms containing SAAVs using TopPG, a 292 

recently developed bioinformatics tool.[45] We also manually inspected the MS/MS spectra 293 

of proteoforms containing the SAAV sites to ensure high-confidence IDs. Only 20% of 294 

the 111 proteoforms were identified from both cell lines, indicating potentially different 295 

SAAV profiles between the two cell lines, Figure 4D. To confirm the conclusion about 296 

SAAV proteoform profile differences, we further analyzed the SAAV containing 297 

proteoforms from 1-D CZE-MS/MS, Figure S6. Although the number of SAAV 298 

proteoforms from SW620 cells is about twice as many as that from SW480 cells, only half 299 

of the SW480 SAAV proteoforms are covered by the SW620 ones. Manual evaluation of 300 

some SAAV proteoforms exclusively identified from SW480 and SW620 cells in raw MS 301 

data supported the conclusion. Figure S7 shows the EIEs of one TP53 proteoform 302 

containing SAAV from triplicate measurements of SW480 and SW620 cells. The TP53 303 

proteoform was only identified in SW620 cells via MS/MS and its base peak intensity in 304 

SW620 cells was about 8-fold higher than that in SW480 cells (5.6±0.6E4 vs. 0.7±0.3E4).  305 

Figure 4E shows the sequences and fragmentation patterns of two examples of 306 

proteoforms containing SAAVs. TP53 is an important tumor suppressor closely related to 307 

CRC development, and it is an essential member in WNT/β-catenin Signaling and 308 

PI3K/AKT Signaling pathways. We identified one TP53 proteoform containing an AAV 309 

at position 72 (P R) due to the codon 72 polymorphism. Studies have shown the 310 

functional differences of the P72 and R72 proteoforms of TP53.[46,47] For example, the 311 

R72 proteoform does a markedly better job of inducing apoptosis compared to the P72 312 

proteoform.[46] Another study indicated that the expression of P72 proteoform increased 313 

CRC metastasis, and that the R72 proteoform does not exist in the non-metastatic CRC 314 

cell line (SW480) based on the nucleic-acid data.[47] Interestingly, we only identified the 315 

R72 proteoform of TP53 in the SW620 cell line, not in the SW480 cell line, from the top-316 

down MS data. MSH6 is one of the DNA mismatch repair genes and its mutations play a 317 

crucial role in Lynch syndrome, which is an inherited form of CRC. We identified one 318 

MSH6 proteoform containing a SAAV due to polymorphism at position 39 (G E). The 319 

G39E SAAV has been associated with an increased risk of CRC according to the nucleic-320 
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acid data.[48] We identified G39 proteoforms of MSH6 in both SW480 and SW620 cells, 321 

but identified the E39 proteoform only in the SW480 cells, not in the SW620 cells.  322 

For the proteoforms containing SAAVs, we further performed QIAGEN Ingenuity 323 

Pathway Analysis (IPA) of the corresponding 82 genes. We revealed that 75 of those 324 

genes are associated with tumorigenesis of tissue (p-value: 0.0001), and three genes 325 

(MSH6, PITX1 and TP53) relate to the development of colon tumor (p-value: 0.002). Five 326 

of the genes related to tumorigenesis of tissue (AURKA, EIF5A, PFKFB3, POLE4, and 327 

TP53) are targets of cancer drugs. We further performed IPA network analysis and 328 

revealed that 17 out of the 82 genes are involved in a cancer-related network (network 329 

score 36), Figure 4F, suggesting their crucial roles in cancer and development. The 17 330 

genes are highlighted in purple and those proteins belong to several different families, 331 

including enzyme (diamond shape, LARS1, PARS1, ALDOA, MSH6, and PPIF), 332 

phosphatase/kinase (triangle shape, PGAM1, SET, and PFKFB3), transcription regulator 333 

(oval shape, TP53 and PITX1), and others (circle shape, PSG1, SRP14, MAGEB2, MT1G, 334 

MT1H, MT1M, and ISG15). Nine of those highlighted proteins have direct (solid line) or 335 

indirect (dotted line) interactions with TP53.  336 

Quantitative TDP of metastatic and non-metastatic human CRC cell lines 337 

We further carried out the first quantitative TDP study of a pair of metastatic (SW620) and 338 

non-metastatic (SW480) human CRC cell lines. The cell lysates of SW480 and SW620 339 

cells were fractionated by SEC and each fraction was analyzed by CZE-MS/MS in 340 

technical triplicate. After database search with TopPIC, we identified roughly 4,000 341 

proteoforms per replicate per cell line with a 1% proteoform-level FDR. The overall 342 

intensity distributions of identified proteoforms across technical triplicates and the two 343 

cell lines are consistent, Figure S8.  We performed label-free quantification (LFQ) 344 

analysis using TopDiff (version 1.3.4), a tool in the TopPIC suite, which reported about 345 

1,500 proteoforms with measured intensities in all the six samples (three replicates per cell 346 

line and two cell lines). The SEC-CZE-MS/MS system shows reasonably good 347 

reproducibility regarding the intensities of shared proteoforms, as evidenced by the strong 348 

linear correlations of proteoform intensities between technical replicates of SW480 or 349 

SW620 cells (Pearson correlation coefficients: 0.86-0.93), Figure S9. The Pearson 350 

correlation coefficients of proteoform intensity between SW480 and SW620 cells are 351 

statistically significantly lower than that between technical replicates of one cell line 352 

(0.71±0.01 vs. 0.90±0.03, p<10-10, two-tailed student’s t-test), indicating significant 353 

differences between the two cell lines in terms of proteoform intensity. We used the 354 

Perseus software for further data analysis.[49] The two cell lines can be easily distinguished 355 

using the proteoform quantification profiles, Figure 5A. Two clusters of differentially 356 

expressed proteoforms across the six samples were revealed.  357 

According to the volcano plot in Figure 5B, 460 proteoforms of 248 proteins showed 358 

statistically significant differences in abundance between the two cell lines (FDR<0.05). 359 

Specifically, 244 proteoforms of 152 proteins had higher abundance in the SW480 cell 360 

line and 216 proteoforms of 132 proteins had higher expression in the SW620 cell line. 361 

Figure 5B shows that one HMGN1 proteoform and one RBM8A proteoform have the 362 

most significant abundance changes between SW480 and SW620 cells. HMGN1 regulates 363 

gene expression and PTMs of core histones, affecting DNA repair and tumor 364 

progression.[50] It has been reported that RBM8A promotes tumor cell migration and 365 

invasion in the most common type of primary liver cancer.[51] 366 
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Comparing the overexpressed and underexpressed proteoforms in the two cell lines 367 

revealed that 36 genes (e.g., DAP, CALM1, HDGF, JPT1, and NPM1) have both 368 

overexpressed and underexpressed proteoforms in one cell line, suggesting that different 369 

proteoforms of the same gene had completely different expression patterns in the two cell 370 

lines. Figure 5C shows two differentially expressed proteoforms of DAP (Death-371 

associated protein 1), one of those 36 genes. It has been reported that DAP modulates cell 372 

death and correlates with the clinical outcome of CRC patients.[52] Interestingly, we 373 

revealed that one phosphorylated proteoform of DAP (~7,607 Da, phosphorylation site 374 

S51 or T56) had a higher abundance in SW480 cells and another phosphorylated 375 

proteoform (~4,605 Da, phosphorylation site S51) showed higher expression in SW620 376 

cells. Both the S51 and T56 are known to be phosphorylated according to 377 

PhosphoSitePlus, with S51 being the most common phosphorylation site of DAP. We 378 

noted that the differentially expressed proteoforms in this study include phosphorylated 379 

proteoforms of several important genes related to CRC, i.e., RALY,[53] NPM1,[54] DAP,[52] 
380 

and HDGF,[55] Table S2. The functions of phosphorylated forms of those four proteins in 381 

modulating CRC development are still unclear. However, the differential expressions of 382 

those phosphorylated proteoforms in the metastatic and non-metastatic CRC cells suggest 383 

their potential roles in regulating CRC metastasis. We also manually checked the MS raw 384 

data of three of the phosphorylated proteoforms in Table S2 (NPM1, RALY, and 385 

HNRNPC), and their EIEs are shown in Figures S10, S11, and S12.  The results clearly 386 

indicate their significantly higher abundance in SW620 cells compared to SW480 cells, 387 

agreeing well with the data in Table S2.  388 

We highlight several differentially expressed proteoforms of CALM1, JPT1 (HN1), and 389 

EPCAM. CALM-dependent systems play important roles in cancer metastasis.[56] JPT1 390 

(HN1) promotes cancer metastasis via activating the NF-ƙB signaling pathway.[57] 
391 

EPCAM is a human cell surface glycoprotein and plays crucial roles in tumor biology, 392 

especially CRC.[58] EPCAM has been recognized as an important therapeutic target for 393 

cancer. We discovered two CALM1 proteoforms having significantly higher abundance in 394 

SW620 cells compared to SW480 cells; one of them contains K116 trimethylation. We 395 

revealed one CALM1 proteoform showing higher abundance in SW480 cells and the 396 

proteoform carries N-terminal acetylation and a 58-Da mass shift between amino acid 397 

residues 73 and 89. The 58-Da mass shift can be explained as a trimethylation/acetylation 398 

plus oxidation. Three of JPT1 proteoforms have higher abundance in SW480 cells and one 399 

of them contains a 167-Da mass shift between the amino acid residues 66 and 89, where 400 

seven serine residues can be phosphorylated according to the PhosphoSitePlus database 401 

(https://www.phosphosite.org/). The 167-Da mass shift most likely represents a 402 

combination of phosphorylation and other PTMs. Interestingly, one JPT1 proteoform 403 

shows higher abundance in SW620 cells. We also observed two EPCAM proteoforms 404 

having higher abundance in SW480 cells.  405 

We then performed IPA analyses of the genes of those differentially expressed 406 

proteoforms between SW480 and SW620 cells. Those genes are heavily involved in 407 

cancer-related diseases, for example, tumorigenesis of tissue and metastasis, Figure 5D. 408 

Five of those proteins (EIF4E, EPCAM, FKBP1A, GAA, and HSP90AB1) are drug 409 

targets. IPA network analyses revealed that 26 proteins (highlighted in purple) whose 410 

proteoforms showed higher abundance in SW480 compared to SW620 were involved in a 411 

cancer-related network (score 51), Figure 5E. Those proteins belong to several families, 412 

including enzyme (diamond shape, e.g., PARK7 and FKBP4), transcription regulator (oval 413 

shape, e.g., FUBP1), translation regulator (hexagon shape, e.g., CIRBP and EEF1A1), 414 

https://www.phosphosite.org/
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transporter (trapezium shape, e.g., SLC12A2 and LASP1), and others (circle shape, e.g., 415 

EPCAM and JPT1). Most of those proteins have direct (solid line) and indirect (dotted 416 

line) interactions with one another. We also carried out network analysis for the proteins 417 

whose proteoforms had higher expression in SW620 cells, and observed high-scores for 418 

cancer-related networks. Figure 5F shows one cancer-related network (score 54), and 26 419 

of those proteins are involved in the network (highlighted in purple). Those proteins 420 

include several CRC-related important proteins, NPM1 (oval shape, transcription 421 

regulator, located in nucleus), DAP (transcription regulator, located in cytoplasm), and 422 

HDGF (square shape, growth factor, located in extracellular space). NPM1 is a crucial 423 

protein in the network and many of the highlighted proteins have direct interactions (solid 424 

line) with NPM1, for example, PARK7, VIM, and PPIA. NPM1 also has indirect 425 

interaction (dotted line) with the NFkB complex, which plays crucial roles in modulating 426 

DNA transcription and cell survival. Human NPM1 boosts the activation of NFkB 427 

according to Ingenuity relationships from the IPA analysis. Besides NPM1, several other 428 

highlighted proteins (e.g., HDGF and DAP) also have indirect interactions with the NFkB 429 

complex. For example, NFkB regulates the transcription of HDGF, and DAP deactivates 430 

the NFkB according to the IPA network analysis results. The IPA analysis also revealed 431 

that 13 proteoforms of three genes (EIF4B, EIF4E, EIF4EBP1) in the mTOR Signaling 432 

pathway had statistically significant differences in abundance between the SW480 and 433 

SW620 cells (Supplementary Material II).  434 

Discussion  435 

TDP is facing technical challenges for deep proteoform profiling of human cells. Although 436 

significant technical progresses have been achieved in LC-MS/MS-based TDP during the 437 

last two decades, the number of proteoform IDs per human cell line has been stabilized on 438 

the level of 3,000 for a decade.[18-22] Alternative strategies for deep TDP of human cells 439 

are needed. CZE-MS/MS has been recognized as one alternative strategy for 440 

TDP,[23,29,30,59] most likely due to the high separation efficiency of CZE and high 441 

sensitivity of CZE-MS for proteoform separation and detection. However, the 442 

performance of CZE-MS/MS for TDP profiling of human cell proteoforms is limited due 443 

to the extremely high sample complexity and limited sample loading capacity of CZE, 444 

which is evidenced by the 1D-CZE-MS/MS data of CRC cells in this work and our 445 

previous work with the identification of only hundreds of human proteoforms in one 446 

run.[24] In this study, we advanced TDP of human cells drastically in terms of the number 447 

of proteoform IDs per human cell line compared to previous LC-MS/MS-based studies 448 

(~16,000 vs. ~3,000) via coupling LC fractionations to CZE-MS/MS. This work 449 

represents an important progress in TDP, which aims to characterize the human proteome 450 

in a proteoform-specific manner (Human Proteoform Project).[16] We need to highlight 451 

that SEC-CZE-MS/MS and RPLC-CZE-MS/MS under optimized conditions will be 452 

powerful analytical techniques for deep TDP of human cells with high throughput, Figure 453 

2A. CZE-MS/MS analyses of only six SEC fractions of a SW480 cell lysate produced 454 

about 4,000 proteoform IDs and roughly 700 proteoform IDs per CZE-MS/MS run. The 455 

data indicate that it is feasible now using LC-CZE-MS/MS (i.e., SEC-CZE-MS/MS) for 456 

deep TDP profiling of a large number of human cell types, which will potentially 457 

transform basic and translational biomedical research. The MS raw data have been 458 

deposited to the ProteomeXchange Consortium via the PRIDE [60] partner repository with 459 

the dataset identifier PXD029703.  460 

TDP of metastatic and non-metastatic cells is crucial for discovering new protein 461 

biomarkers and providing a more accurate understanding of molecular mechanisms of 462 
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cancer metastasis. According to the results from our qualitative and quantitative TDP of 463 

SW480 and SW620 cells, we had several conclusions about CRC metastasis. First, CRC 464 

cells have a significant transformation in proteoforms and SAAVs after metastasis, 465 

evidenced by obvious differences of proteoform and SAAV profiles between SW480 and 466 

SW620 cells. Second, different proteoforms from the same cancer-related gene (e.g., 467 

DAP, CALM1, HDGF, JPT1, RALY, and NPM1) may have potentially varied biological 468 

functions in modulating CRC metastasis, because they show opposite expression profiles 469 

between the SW480 and SW620 cells, Figure 5B. Some proteoforms of those genes have 470 

higher abundance in SW480 cells; some of their proteoforms show higher expression in 471 

SW620 cells. Third, PTMs (i.e., phosphorylation) of important cancer-related genes (i.e., 472 

DAP, HDGF, JPT1, RALY, NPM1, MARK2, SOX9, EIF4B, and EIF4EBP1) could play 473 

important roles in regulating CRC metastasis, evidenced by the significant abundance 474 

differences of phosphorylated proteoforms from those genes between the SW480 and 475 

SW620 cells. The differentially expressed proteoforms, especially those with PTMs, of 476 

important cancer-related genes could be novel proteoform biomarkers of CRC metastasis. 477 

Fourth, proteoforms of genes in well-known CRC-related pathways (WNT/β-catenin 478 

Signaling, PI3K/AKT Signaling, mTOR Signaling, and ERK/MAPK Signaling) are 479 

different between SW480 and SW620 cells, and those proteoforms could play vital roles 480 

in modulating CRC metastasis.  481 

Our TDP strategies still have some technical limitations. One relates to the identification 482 

of large proteoforms. In this work, we focused on the characterization of proteoforms 483 

smaller than 30 kDa. CZE-MS/MS has much lower sample loading capacity compared to 484 

RPLC-MS/MS (nL vs. µL), resulting in a limited mass of protein materials that can be 485 

injected for measurements with CZE-MS/MS. This issue is particularly severe for the 486 

characterization of large proteoforms in a complex proteome sample because large 487 

proteoforms tend to have drastically lower signal-to-noise ratios than small proteoforms 488 

due to the much wider charge state distributions. Highly efficient size-based fractionation 489 

techniques must be employed to enrich large proteoforms before CZE-MS/MS. 490 

Additionally, more effort needs to be made to improve the sample loading capacity of 491 

CZE-MS/MS via investigating online sample stacking techniques or solid phase 492 

microextraction (SPME) methods. Another limitation relates to the extensive 493 

fragmentation of proteoforms for accurate localization of PTMs. The backbone cleavage 494 

coverage of proteoforms from commonly used collision-based fragmentation techniques 495 

(i.e., collision-induced dissociation (CID) and higher energy collision dissociation (HCD)) 496 

is limited. We expect that coupling our LC-CZE-MS/MS technique to a mass spectrometer 497 

with electron- or photon-based gas-phase fragmentation techniques (i.e., electron-capture 498 

dissociation (ECD),[61] electron-transfer dissociation (ETD),[62] and ultraviolet 499 

photodissociation (UVPD)[63]) will revolutionize TDP for the Human Proteoform 500 

Project.[16] 501 

 502 

Materials and Methods 503 

Materials and Reagents 504 

MS-grade water, acetonitrile (ACN), methanol (MeOH), formic acid (FA) and HPLC-505 

grade acetic acid (AA) were purchased from Fisher Scientific (Pittsburgh, PA). 506 

Ammonium bicarbonate (NH4HCO3), urea, dithiothreitol (DTT), iodoacetamide (IAA) 507 

and 3-(trimethoxysilyl)propyl methacrylate were from Sigma-Aldrich (St. Louis, MO). 508 

Hydrofluoric acid (HF, 48-51% solution in water) and acrylamide were purchased from 509 

Acros Organics (NJ, USA). Fused silica capillaries (50 µm i.d./360 µm o.d.) were 510 

purchased from Polymicro Technologies (Phoenix, AZ). Complete, mini protease inhibitor 511 

cocktail (EASYpacks) was from Roche (Indianapolis, IN). 512 
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Sample Preparation 513 

SW480 (catalogue number CCL-228) and SW620 (catalogue number CCL-227) original 514 

cell lines were both purchased from ATCC (Manassas, VA) and were cultured in RPMI 515 

1640 cell culture medium (Life Technologies Corporation, Grand Island, NY) 516 

supplemented with 10% fetal bovine serum (Thermo Scientific, Gaithersburg, MD) and 517 

2mM L-glutamine (Invitrogen, San Diego, CA). The cells were incubated at 37°C with 518 

5% CO2 and were passaged every 3-4 days. Both cell lines were last verified by Short 519 

Tandem Repeat (STR) sequencing in 2016 and were used within two months after 520 

resuscitation from frozen aliquots at -80°C. 521 

Upon growing to confluency, cells were harvested and cleansed of remaining cell culture 522 

medium via subsequent washing with HPLC grade water (Fisher Scientific, Pittsburgh, 523 

PA) and centrifugation for 5-minute intervals at 15000 × g until supernatant was clear. 524 

Proteins were then extracted using mammalian cell lysis buffer. Cell lysis buffer consisted 525 

of 8 M urea, 50 mM Tris (pH 8.2), 1 mM β-glycerophosphate, 1 mM 526 

phenylmethylsulfonyl fluoride, 75 mM sodium chloride, 1 mM sodium fluoride, 1 mM 527 

sodium orthovanadate, 10 mM sodium pyrophosphate, and one protease inhibitor cocktail. 528 

The reagents for cell lysis buffer were purchased from Sigma-Aldrich and complete 529 

EDTA-free protease inhibitor cocktail tablet was purchased from Roche. Lysis buffer was 530 

added to the harvested cells which then underwent sonication on ice three times for 1-531 

minute intervals at 15% amplitude. The resulting extracted proteins were then clarified of 532 

cellular debris by centrifugation at 15,000 rpm for 10 minutes. Proteins were quantified 533 

using a bicinchoninic acid (BCA) protein assay (Thermo Scientific Pierce, Rockford, IL) 534 

and then stored at -80°C until preparation for MS analysis. 535 

SW480 and SW620 proteins were denatured at 37 °C for 30 minutes, reduced at 37 °C for 536 

30 minutes using DTT, and then alkylated at room temperature in the dark for 20 minutes 537 

using IAA. The excess IAA were quenched by adding DTT and reacting for 5 min at room 538 

temperature.  539 

For the experiment 1 (RPLC-CZE-MS/MS), 200 μg of proteins from SW480 and SW620 540 

cells were reduced, alkylated, and acidified, followed by RPLC fractionation into 13 541 

fractions and CZE-MS/MS. For the experiment 2 (SEC-RPLC-CZE-MS/MS), 2 mg of 542 

proteins from SW480 and SW620 cells were reduced and alkylated before fractionated by 543 

SEC-RPLC and analyzed by CZE-MS/MS. For the experiment 3 (RPLC-CZE-MS/MS), 544 

420 μg of proteins from SW480 and SW620 cells were reduced and alkylated prior to 545 

fractionation by RPLC into 6 fractions and analyses by CZE-MS/MS. For the experiment 546 

4 (SEC-CZE-MS/MS), the samples were desalted after reduction and alkylation using a 547 

C4 trap column (4×10 mm, 3 μm particles, 300 Å pore size). Specifically, 500 μg of 548 

proteins from SW480 and SW620 cells was loaded onto the column and flushed with 549 

mobile phase A (2% (v/v) ACN, 0.1% FA) for 10 minutes at a flow rate of 1 mL/min. The 550 

proteins were eluted with mobile phase B (80% ACN, 0.1% FA) for 3 minutes at flow rate 551 

of 1 mL/min. The eluates were lyophilized with a speed vacuum and redissolved in 150 552 

μL 0.1% formic acid (FA). Then proteins from SW480 and SW620 cells were fractionated 553 

by SEC into 6 fractions, followed by CZE-MS/MS analyses. For the experiment 5 (1D-554 

CZE-MS/MS), 100 µg of proteins from SW480 and SW620 cells were desalted using two 555 

methods. In one case, both samples were desalted by a C4 trap column as described in the 556 

experiment 4. In the other case, both samples were desalted by Amicon Ultra centrifugal 557 

filters with a molecular weight cutoff of 10 kDa. Desalting with centrifugal filter was 558 

performed by loading 100 μg of proteins onto the filter and washing the sample four times 559 

with 50 mM NH4Ac at 14,000 × g. Finally, the sample was recovered in 30 μL of 50 mM 560 

NH4Ac. The samples desalted with the C4 trap column and centrifugal filters were 561 

analyzed by 1D-CZE-MS/MS in technical triplicate. 562 
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Fractionation of the SW480 and SW620 proteome 563 

All separations were performed on a 1260 Infinity II HPLC system from Agilent (Santa 564 

Clara, CA). Detection was performed using a UV-visible detector at a wavelength of 254 565 

nm. Data was collected and analyzed using OpenLAB software. RPLC (C4, 2.1 × 250 566 

mm, Sepax Technologies) and SEC (4.6 × 300 mm, 500 Å pores, Agilent) were performed 567 

offline (Agilent HPLC) for prefractionation. Fractions from SW620 and SW480 from 568 

experiment 1 (13 fractions × 2 samples), experiment 2 (84 fractions × 2 samples), 569 

experiment 3 (6 fractions × 2 samples), and experiment 4 (6 fractions × 2 samples) were 570 

analyzed by CZE-MS/MS, respectively.  571 

In experiment 1, RPLC was used for sample fractionation with a 0.25 mL/min flow rate 572 

and gradient of 0-80% mobile phase (MP) B over 90 minutes (MPA: 2% ACN, 0.1% FA 573 

in water; MPB: 80% ACN, 0.1% FA in water). Fractions were collected from 15 to 22 574 

minutes (fraction 1) and 22 to 70 minutes (12 fractions, 4 minutes per fraction). For 575 

experiment 2, both SEC and RPLC were used for fractionation prior to CZE-MS/MS. For 576 

SEC, the flow rate was 0.35 mL/min with a 0.05% TFA mobile phase. 2 mg of proteins in 577 

800 μL solution was fractionated by SEC. Fractions were collected from 5-8 minutes 578 

(fraction 1) and 8-12.5 minutes (3 fractions, 1.5 minutes per fraction). One RPLC run was 579 

performed for each SEC fraction with a flow rate of 0.25 mL/min and gradient of 0-80% 580 

MPB (MPA: 2% ACN, 0.1% TFA in water; MPB: 10% IPA, 0.1% TFA in ACN) over 90 581 

minutes with a 10-minutes equilibration with 100% MPA at the beginning of the 582 

separation. Fractions were collected from 20 to 25 minutes (fraction 1) and 25 to 65 583 

minutes (20 fractions, 2 minutes per fraction). In experiment 3, RPLC fractionation was 584 

carried out using the same mobile phases as in experiment 1, and a 90-minute gradient 585 

was used with a 10-minute equilibration with 100% MPA at the beginning of the 586 

separation. Fractions were collected from 25 to 55 minutes (fraction 1), 50 to 70 minutes 587 

(4 fractions, 5 minutes per fraction), and 70 to 95 minutes (fraction 6). In experiment 4, 588 

SEC fractionation was performed with an Agilent Bio SEC-5 column (4.6 × 300 mm, 5 589 

μm particles, 500 Å pore size). 220 μg of SW480 and SW620 proteins (1.5 mg/mL, 75 590 

μL×2 injections) were loaded into the SEC column and separated isocratically at the flow 591 

rate of 0.3 mL/min with 0.1% FA as mobile phase. The first fraction is collected from 5.6 592 

to 8.6 minutes. The second to the fifth fraction was from 8.6 to 14.6 minutes with 1.5 593 

minutes per fraction. The final fraction was collected from 14.6 to 19.0 min. In the 594 

experiments 1-4, samples were dried down and redissolved in 50 mM NH4HCO3 (pH 8.0, 595 

~2 mg/mL) for CZE-ESI-MS/MS.  596 

CZE-MS/MS analysis 597 

CZE separation was performed using a CESI 8000 Plus CE system (Beckman Coulter). A 598 

commercialized electrokinetically pumped sheath-flow CE-MS nanospray interface (CMP 599 

Scientific Corp) was applied for online coupling the CE system and mass 600 

spectrometer.[64,65] A glass emitter (orifice size: 20~30 μm) installed on the interface was 601 

filled with sheath buffer (0.2% FA, 10% methanol) to generate electrospray at voltage of 602 

2-2.3 kV.  603 

 A 100 cm LPA coated fused silica capillary (50 µm i.d., 360 µm o.d.) was used for CZE 604 

separation in experiments 1, 2, 4 and 5, while  a 70 cm LPA coated capillary (50 µm i.d., 605 

360 µm o.d.) was employed for separation in experiment 3.  The inner wall of the 606 

capillary was coated with LPA based on the procedure described in reference [66]. One 607 

end of the capillary was etched with HF to reduce the outer diameter of the capillary to 608 

about 70-80 µm based on the procedure described in reference [67]. (Caution: use 609 

appropriate safety procedures while handling hydrofluoric acid solutions) 610 

In experiments 1, 2, 4 and 5, the capillary (100 cm) was loaded with 500 nL of sample. In 611 

experiment 3, the capillary (70 cm) was loaded with ~350 nL of sample. After sample 612 
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loading, the capillaries were inserted into background electrolyte, containing 5% acetic 613 

acid (pH 2.4), and 30 kV voltage was applied at the sample injection end to carry out 614 

separations.  615 

MS1 and MS2 data were collected on a Q-Exactive HF mass spectrometer (Thermo Fisher 616 

Scientific) under data-dependent acquisition (DDA) mode. The temperature of ion transfer 617 

tube was set to 320 °C and s-lens RF was 55. MS1 spectra were collected with following 618 

parameters: m/z range of 600-2000, mass resolution of 120,000 (at m/z 200), a microscan 619 

number of 3, AGC target value of 1E6, and maximum injection time of 100 ms.  The top 5 620 

most abundant precursor ions (charge state higher than 5, or charge state unassigned and 621 

intensity threshold 2E4) in the MS1 spectra were isolated with a window of 4 m/z and 622 

fragmented via HCD with NCE of 20%. The settings for MS2 spectra were resolution of 623 

120,000 (at m/z 200), a microscan number of 3, AGC target value of 1E5, and maximum 624 

injection time of 200 ms. The dynamic exclusion was set to a duration of 30s and the 625 

isotopic peaks were excluded. 626 

In experiments 2, 3, 4 and 5, each LC fraction was analyzed by CZE-MS/MS in triplicate. 627 

In experiment 1, each LC fraction was analyzed by a single CZE-MS/MS run. In total, 410 628 

MS raw files with good protein signals were produced from experiments 1, 2, 3, and 4 for 629 

database search, including 26 MS raw files from experiment 1 (13 fractions × 2 samples), 630 

312 MS raw files from experiment 2 (52 fractions × 2 samples × 3 replicates), 36 MS raw 631 

files from experiment 3 (6 fractions × 2 samples × 3 replicates), and 36 MS raw files from 632 

experiment 4 (6 fractions × 2 samples × 3 replicates). We need to note that we collected 633 

84 fractions × 2 samples in the experiment 2. However, we only observed good protein 634 

signals from 52 LC fractions per sample. 12 MS RAW files were collected from the 635 

experiment 5 using CZE-MS/MS.  636 

Data analysis for proteoform identification 637 

All RAW files were analyzed with the TopPIC Suite (version 1.4.0) pipeline.[15,68] The 638 

RAW files were converted into mzML files with msconvert.[69] Then spectral 639 

deconvolution was performed with TopFD (version 1.4.0), which converts precursor and 640 

fragment isotope clusters into neutral monoisotopic masses and finds proteoform features 641 

by combining precursor isotope clusters with similar monoisotopic masses and close 642 

migration times in MS1 scans. The resulting mass spectra with monoisotopic neutral 643 

masses were stored in msalign files and the proteoform feature information was stored in 644 

text files. The human proteome database was downloaded from UniProt (UP000005640, 645 

20350 entries, version October 23, 2019, only reviewed protein sequences were included) 646 

and concatenated with a random decoy database of the same size. Each msalign file was 647 

searched against the concatenated targe-decoy database using TopPIC (version 1.4.0). 648 

Cysteine carbamidomethylation was set as a fixed modification, and the maximum 649 

number of unexpected modifications was 1. The precursor and fragment mass error 650 

tolerances were 15 ppm. The maximum mass shift of unknown modifications was 500 Da. 651 

TopPIC reported a list of target and decoy proteoform-spectrum-matches (PrSMs) for each 652 

msalign file.  653 

The proteoforms identified from all msalign files were merged and filtered with a 654 

proteoform-level FDR. First, the target and decoy PrSMs reported from all the msalign 655 

files were combined and filtered with a 5% spectrum-level FDR. The PrSMs were then 656 

clustered by grouping PrSMs into the same cluster if they were from the same protein and 657 

their precursor mass differences were not large than 2.2 Da. The PrSM with the best E-658 

value was selected for each cluster and its proteoform was reported as the representative 659 

one for the cluster. The representative target and decoy proteoforms were finally filtered 660 

with a 1% proteoform-level FDR.  661 

Proteoform quantification 662 
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There were 18 MS raw files from triplicate CZE-MS/MS analyses of the 6 SEC fractions 663 

for the SW480 or SW620 sample in experiment 4. The TopPIC suite pipeline reported a 664 

list of targe and decoy PrSM identifications for each raw file. Using the methods in the 665 

previous section, the PrSM identifications of the 36 MS raw files were merged and a list 666 

of proteoform identifications with a 1% proteoform-level FDR were reported. The 667 

abundance of a proteoform was computed as the sum of the proteoform abundances in the 668 

six SEC fractions, which were reported by TopFD. Proteoform identifications and their 669 

abundances were reported for each replicate using this method. Finally, TopDiff (version 670 

1.4.0), a tool in TopPIC Suite, was used to match proteoform identifications across the 671 

three SW480 replicates and three SW620 replicates.  672 

The quantitative results were further analyzed using Perseus software.[49] The intensities of 673 

each proteoform in triplicate CZE-MS/MS runs of SW480 and SW620 were normalized to 674 

the intensity of corresponding proteoform from the first run of SW480, converting 675 

proteoform intensity to proteoform ratio. Then, proteoform ratios of each run were divided 676 

by the corresponding median to make sure the ratios center at 1. After log2 transformation 677 

of all the data, the significantly differentially expressed proteoforms were determined by 678 

performing t-test analysis (FDR threshold: 0.05, S0: 1) using the Perseus software. The 679 

volcano plot [-log(p-value) vs. log2(fold change)] was generated.  680 

Proteogenomic analysis  681 

To generate sample-specific protein sequence databases with genetic variations for 682 

SW480 and SW620 cells, two RNA-Seq data sets (SRR8616059 for SW480 and 683 

SRR8615459 for SW620) [70] were downloaded from the Sequence Read Archive (SRA). 684 

The GATK pipeline [71] was employed to align short reads in the RNA-Seq data with the 685 

hg38 human genome to call single nucleotide variants (SNVs) and indels, which were 686 

further annotated using the gene-based annotation of ANNOVAR [72] (April 16, 2018). 687 

The annotated nonsynonymous SNVs and indels in exons were chosen for generating 688 

sample-specific protein sequence databases based on the basic annotation of the hg38 689 

human genome in GENCODE [73]. Two sample-specific protein sequence databases were 690 

generated using TopPG [45] (version 1.0): one for SW480 cells and the other for SW620 691 

cells. Each protein sequence database contained both reference protein sequences in the 692 

basic annotation of GENCODE and protein sequences with sample-specific variants. 693 

There were 74887 entries with 51485 reference sequences and 23402 sequences with 694 

variants in the database for SW480 cells and 75665 entries with 51432 reference 695 

sequences and 24233 sequences with sample-specific variants in the database for SW620 696 

cells. The SW480 and SW620 mass spectra in experiments 3 and 4 were searched against 697 

their corresponding sample-specific database using TopPIC (version 1.4.0) with the same 698 

parameter setting in Section “Data analysis for proteoform identification”. Using the 699 

methods in Section “Data analysis for proteoform identification”, PrSMs identified in each 700 

cell line were combined and clustered, and proteoform identifications were filtered by a 701 

5% proteoform-level FDR. Identifications with single amino acid variant (SAAV) sites 702 

were manually inspected. If a proteoform with SAAV sites contained no unexpected mass 703 

shifts or had at least three matched fragment ions between each SAAV site and the 704 

unexpected mass shift, it was reported as a confident proteoform identification with 705 

SAAV sites.  706 

QIAGEN Ingenuity Pathway Analysis (IPA) 707 

The cancer-related network analysis results shown in Figures 4F, 5E, and 5F were 708 

generated through the use of QIAGEN IPA (QIAGEN Inc., 709 

https://digitalinsights.qiagen.com/IPA).[74] Permissions have been granted by QIAGEN to 710 

use those copyrighted figures in this publication.  711 

 712 

https://digitalinsights.qiagen.com/IPA).%5b74
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Statistical analysis 713 

Data are presented as mean±standard deviations when available. For the statistical 714 

analysis of LFQ data of SW480 and SW620 cell lines, we performed both side t-test using 715 

the Perseus software [49] to determine the proteoforms with statistically significant 716 

abundance difference between the two cell lines with the following settings, S0=1 and 717 

FDR = 0.05.  718 

 719 
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 1030 

Table 1. Selected proteoforms of important genes related to WNT/β-catenin Signaling, mTOR 1031 

Signaling, and PI3K/AKT Signaling pathways.  1032 

Gene Pathway Proteoform SW480  SW620 Proteoform 
intensities 
(SW480/SW620)* 

MARK2 WNT/β-
catenin 
Signaling 

M.(S)[Acetyl]SARTPLPTLNERDTEQPTLGH 
LDSK(PSSKSNMIRGRNSAT)[mass shift:  
96 Da, phospho and oxidation]SADEQP 
HIGNY.R 
 

× ND 4.8E5/2.8E4 

SOX9 
 

WNT/β-
catenin 
Signaling 

R.SQYDYTDHQNSSSYYSHAAGQGTGLYS 
TFTYMNPAQRPMYTPIADTSGV(PSIPQT 
HS)[mass shift: 78 Da, phospho] 
PQHWEQPVYTQLTRP. 

× ND 3.0E5/4.6E4 

EIF4B 
 

mTOR 
Signaling 

M.AASAKKKNK(KGKTISLTDFL)[mass  
shift: 122 Da, phospho and 
acetylation/trimethylation] 
AEDGGTGGGSTYVSKPVSWADETDD 
LEGDVSTTWHSNDDDVYRAPPIDRSIL 
PTAPR.A 

ND × 7.5E4/4.4E5 

EIF4B 
 

mTOR 
Signaling 

M.(A)[Acetyl]ASAKKKNKKGKTISLTD 
FLAEDGG(T)[mass shift: 80 Da, 
phospho]GGGSTYVSKPVSWADETD 
DLEGDVSTTWHSNDDDVYRAPPIDR.S 

ND × 5.0E4/3.1E5 

EIF4EBP1 
 

PI3K/AKT 
Signaling 

.MSGGSS(C)[Carbamidomethylation] 
SQTPSRAIPAT(RRVVLGDGVQLPPGDY 
STT)[mass shift: 81 Da, 
phospho]PGGTLFSTTPGGTRIIYDRKFL 
ME(C)[Carbamidomethylation]RNSP 
VTKTPPRDLPTIPGVTSPSSDEPPMEAS 
QSHLRNSPEDKRAGGEESQFEMDI. 

ND × 6.0E4/3.5E6 

EIF4EBP1 
 

PI3K/AKT 
Signaling 

K.TPPRDLPTIPGVTS(PSSDEPPMEASQ 
SHLRNS)[mass shift: 81Da, 
phospho]PEDKRAGGEESQFEMDI. 

× ND 1.5E5/5.0E4 

 1033 

“x” suggests that the proteoform is identified in the sample. “ND” indicates that the proteoform is 1034 

not identified in the sample. * The proteoform intensities were observed by manually checking 1035 

the raw data based on the migration time, charge, and m/z of proteoforms in the database search 1036 

results. The average intensity of the identified charge state of each proteoform across the 1037 

proteoform peak is shown in the table.   1038 
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Figure 1. Schematic of the experimental design. (A) Schematic design of the TDP study of 1048 

metastatic (SW620) and non-metastatic (SW480) CRC cells using CZE-ESI-MS/MS and LC-1049 

CZE-ESI-MS/MS for proteoform identification and label-free quantification. (B) Four CZE-1050 

MS/MS-based strategies in this work with the amounts of protein starting materials. 1051 

 1052 

Figure 2. Summary of proteoform identification results of this study. (A) Proteoform IDs from 1053 

SW480 cells using different CZE-MS/MS-based strategies. The error bars represent the standard 1054 

deviations of the number of proteoform IDs from technical triplicates. (B) The number of 1055 

proteoform and protein IDs per complex proteome sample using RPLC- or CZE-MS/MS-based 1056 

TDP strategies. The data of studies 5, 6 and 7 are shown as mean ± standard deviations from 1057 

various proteome samples. For example, the mean and standard deviations of proteoform and 1058 

protein counts from SW480 and SW620 cells are shown in the studies 6 and 7.  (C) Heat map of 1059 

proteoform overlaps from technical triplicates of SW480 and SW620 cells using SEC-CZE-1060 

MS/MS. Each number in the figure represents a ratio between the number of shared proteoforms 1061 

in two conditions (e.g., SW480_1 (x-axis) and SW620_1 (y-axis)) and the total number of 1062 

identified proteoforms in one of the two conditions listed on the y-axis (e.g., SW620_1). For 1063 

example, the proteoform overlap between SW480_1 (x-axis) and SW620_1 (y-axis) is 0.4, which 1064 

indicates the ratio between the number of shared proteoforms in those two conditions and the total 1065 

number of identified proteoforms in SW620_1. (D) Sequences and fragmentation patterns of 1066 

identified example proteoforms in the study.  1067 

 1068 

Figure 3. Summary of proteoforms from genes involved in well-known CRC-related pathways. 1069 

(A) The number of proteoforms and genes in four CRC-related pathways identified from SW480 1070 

and SW620 cells. (B) Overlaps of identified and pathway-related proteoforms between SW480 1071 

and SW620 cells.  1072 

 1073 

Figure 4. Analyses of the identified proteoforms from CRC cells with PTMs and single amino 1074 

acid variants (SAAVs). (A) Proteoforms with various PTMs, including N-terminal acetylation, 1075 

phosphorylation, methylation, and oxidation. (B) Sequences and fragmentation patterns of two 1076 

proteoforms, one proteoform of PDAP1 with two phosphorylation sites and one proteoform of 1077 

CALM1 with N-terminal acetylation and one lysine trimethylation. (C) Summary of all the 1078 

identified proteoforms of calmodulin-1 (CALM1) regarding starting positions, relative abundance 1079 

based on the number of PrSMs, and PTMs. (D) The number of proteoforms containing SAAVs 1080 

identified from the SW480 and SW620 cells and the overlap of those proteoforms. The SEC-1081 

CZE-MS/MS and RPLC-CZE-MS/MS (RPLC 6 fractions) data were used for the analysis. The 1082 

error bars in the figure represent the standard deviations of proteoforms from triplicate 1083 

measurements. (E) Sequences and fragmentation patterns of two proteoforms containing SAAVs. 1084 

(F) SAAVs containing proteoforms correspond to many genes (highlighted in purple) that are 1085 

involved in a cancer related network according to the IPA analysis. The diamond, triangle, oval, 1086 

and circle shapes represent proteins belonging to enzyme, phosphatase/kinase, transcription 1087 

regulator and others, respectively. The solid and dotted lines represent direct and indirect 1088 

interactions. Copyright permission has been granted by QIAGEN for using the network data.  1089 

 1090 

Figure 5. Summary of the LFQ data of SW480 and SW620 cells from SEC-CZE-MS/MS in 1091 

technical triplicate. (A) Heat map and cluster analysis of the quantified proteoforms (~1500 1092 

proteoforms) regarding LFQ intensities. A Z-score normalization was employed. The red color 1093 

represents high intensity and the blue color indicates low intensity. (B) Volcano plot showing 1094 

differentially expressed proteoforms between the two cell lines. The quantified proteoforms 1095 

(~1500) were used for the analysis. Red dots and blue dots represent proteoforms having 1096 

statistically significantly higher abundance in SW480 and in SW620, respectively. Gene names of 1097 
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some differentially expressed proteoforms are labeled. The Perseus software was used for 1098 

generating the heat map in (A) and Volcano plot in (B) with the following settings (S0=1 and 1099 

FDR = 0.05).[49] (C) Sequences and fragmentation patterns of two phosphorylated proteoforms of 1100 

the gene DAP. One has higher abundance in SW480 cells and the other has higher expression in 1101 

SW620 cells. (D) An IPA analysis reported some cancer related diseases that are related to the 1102 

differentially expressed genes in the two cell lines. Proteoforms with higher abundance in SW480 1103 

cells (E) or higher abundance in SW620 cells (F) correspond to genes that are involved in cancer-1104 

related networks with high scores. Those genes are highlighted in purple. The diamond, oval, 1105 

hexagon, trapezium, square, and circle shapes represent enzyme, transcription regulator, 1106 

translation regulator, transporter, growth factor, and others. The solid and dotted lines represent 1107 

direct and indirect interactions. Copyright permission has been granted by QIAGEN for using the 1108 

network data.  1109 
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