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Mapping the KRAS proteoform landscape in colorectal cancer
identifies truncated KRAS4B that decreases MAPK signaling
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The KRAS gene is one of the most frequently mutated on-
cogenes in human cancer and gives rise to two isoforms,
KRAS4A and KRAS4B. KRAS post-translational modifications
(PTMs) have the potential to influence downstream signaling.
However, the relationship between KRAS PTMs and oncogenic
mutations remains unclear, and the extent of isoform-specific
modification is unknown. Here, we present the first top-—
down proteomics study evaluating both KRAS4A and
KRAS4B, resulting in 39 completely characterized proteoforms
across colorectal cancer cell lines and primary tumor samples.
We determined which KRAS PTMs are present, along with
their relative abundance, and that proteoforms of KRAS4A
versus KRAS4B are differentially modified. Moreover, we
identified a subset of KRAS4B proteoforms lacking the C185
residue and associated C-terminal PTMs. By confocal micro-
scopy, we confirmed that this truncated GFP-KRAS4B¢'8+
proteoform is unable to associate with the plasma membrane,
resulting in a decrease in mitogen-activated protein kinase
signaling pathway activation. Collectively, our study provides a
reference set of functionally distinct KRAS proteoforms and
the colorectal cancer contexts in which they are present.

KRAS belongs to the RAS family of proteins, the core of
which includes the genes KRAS, NRAS, and HRAS. KRAS is
alternatively spliced at the fourth exon, giving rise to KRAS4A
and KRAS4B isoforms. The RAS genes encode four ~21 kDa
GTPases, which play critical roles in cell signaling pathways
such as those involving mitogen-activated protein kinase
(MAPK) and PI3K (1). The activity of RAS isoforms is regu-
lated by guanine nucleotide exchange factors, which promote
the GTP-bound “active” state, and GTPase-activating proteins,
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which promote the GDP-bound “inactive” state through GTP
hydrolysis (2).

KRAS is one of the most frequently mutated genes in cancer,
with mutations prevalent in colorectal, pancreatic, and lung
cancers. Three key sites of mutation in KRAS occur at residues
G12, G13, and Q61 (3-5). Because of the critical role these
residues play in coordinating the nucleotide and water mole-
cule within the active site of KRAS, mutations at these sites
“lock” KRAS into the active state, resulting in aberrant cell
signaling. While there have been many attempts to develop
therapeutics targeting KRAS, only a handful have been suc-
cessful. The high affinity of KRAS for nucleotides and the
absence of clear binding pockets for small molecules have
rendered common therapeutic strategies ineffective. Attempts
to block the addition of C-terminal lipid modifications
required for association of KRAS with the plasma membrane
have also proved unsuccessful because of compensatory
modification pathways (6-9). However, recent success has
been achieved through covalent inhibitors like sotorasib that
target the G12C mutant version of KRAS, primarily observed
in cancers of the lung (10).

Previous studies have identified RAS post-translational
modifications (PTMs) through methods such as immuno-
blotting and bottom—up (BU) proteomics. Functional assign-
ment of these PTMs typically involves mutation of the
modification site followed by experiments that examine RAS
membrane association, activation of RAS-dependent signaling
pathways (i.e., MAPK pathway), or protein—protein in-
teractions (11). A critical RAS post-translational processing
step occurs at the C-terminal CAAX motif, which includes
C185 prenylation, subsequent proteolysis of the -AAX, and
C-terminal carboxymethylation (Fig. S1). These PTMs are
critical for association of RAS with the plasma membrane and
thus for proper signaling through canonical pathways. In
addition, there are secondary features upstream of the -CAAX
motif that aid in membrane association. For KRAS4A, HRAS,
and NRAS, this involves lipidation by cysteine palmitoylation,
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RAS proteoform landscape in colorectal cancer

whereas KRAS4A and KRAS4B also contain a lysine-rich
polybasic region, which promotes electrostatic interactions
with the plasma membrane (12-21). Other modifications that
have been reported include N-terminal and lysine acetylation,
cysteine nitrosylation, serine and tyrosine phosphorylation,
lysine and arginine methylation, SUMOylation, and ubiquiti-
nation (22-39). The functions of many of these individual
KRAS PTMs have been extensively investigated and are known
to influence RAS GTPase activity, stability, subcellular locali-
zation, membrane partitioning, and protein—protein in-
teractions (11). Despite this, the KRAS proteoform landscape,
which captures the stoichiometry and dynamics of diverse and
combinatorial modifications in an isoform-specific manner,
remains undercharacterized.

BU relies on the tryptic digestion of proteins followed by
tandem mass spectrometry (MS) sequencing of the resulting
peptides, which does not allow for the complete character-
ization of the different protein molecular forms or proteoforms
(40). For BU applications involving RAS family proteins,
additional technical challenges arise because of the high
sequence identity among the four RAS isoforms, a high rate of
basic residues in the KRAS C-terminal domains, and separa-
tion of mutation and PTM sites within the primary sequences.
Instead, we have employed top—down mass spectrometry
(TDMS), which analyzes intact KRAS protein molecules, thus
providing precise KRAS proteoform characterization and PTM
localization (40).

Our laboratory previously reported a study employing
immunoprecipitation coupled with top-down mass spec-
trometry (IP-TDMS) to characterize 11 KRAS4B proteoforms
in isogenic colorectal cancer cell lines and 6 primary colorectal
tumors (41). Here, through an improved IP-TDMS protocol
with enhanced limits of detection, we characterized both
KRAS4A and KRAS4B proteoforms, including those present at
<5% relative abundance (41, 42). We deployed this optimized
KRAS proteoform assay to a panel of 14 cell lines and 34
colorectal tumor samples. This revealed a more diverse RAS

landscape with 39 completely characterized proteoforms,
including a truncated form of KRAS4B lacking the C185 res-
idue. This class of truncated proteoforms was highly abundant
in the majority of primary tumors and was unable to associate
with the plasma membrane or activate the RAS-dependent
MAPK signaling pathway. These results offer an unprece-
dented level of insight into the KRAS proteoform landscape
while revealing evidence for noncanonical KRAS4B-dependent
signaling pathways operative in human colorectal cancers.

Results
Proteoform assay as a low bias readout of KRAS modifications

We first optimized the conditions for the IP-TDMS assay,
which enabled the discovery of novel KRAS proteoforms
(Fig. 1). The optimized protocol was verified to capture and
enrich for all four RAS isoforms across both cell line and
colorectal tumor contexts (Fig. S2). Briefly, cells or homoge-
nized colorectal tumor tissue were lysed in a buffer containing
two nonionic detergents. RAS was then immunoenriched from
the lysates, with eluted proteoforms desalted by solid-phase
extraction prior to LC coupled with a Q-Exactive HF mass
spectrometer (42). After a survey for an initial stage of pro-
teoform discovery for each sample type, we generated a list of
proteoforms for targeted analysis and extensive characteriza-
tion. A subset of samples, specified in Table S1, were analyzed
in parallel on the 21 T Fourier transform ion cyclotron reso-
nance (FT-ICR) mass spectrometer at the National High
Magnetic Field Laboratory (43, 44). Use of these two platforms
combined with our improved KRAS IP-TDMS assay increased
the number of curated RAS proteoforms from 11 to 39, each
given a proteoform record number (Figs. S3, 2, Tables S1 and
S2).

KRAS4A and KRAS4B proteoform landscapes

To identify KRAS4A proteoforms and compare them to
those of KRAS4B, we first used recombinant protein
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Figure 1. Diagram of the IP-TDMS workflow, which couples immunoprecipitation of KRAS with downstream top-down mass spectrometry.
Proteoforms are first detected in discovery mode (intact MS1) and then further characterized in targeted mode using tandem mass spectrometry
(tMS1/tMS2). Key differences in the protocol compared with those previously published (41, 42) are denoted by asterisks. IP, immunoprecipitation; TDMS,

top-down mass spectrometry.
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Figure 2. Oncoproteoform plot describing the manually validated KRAS4A (light blue) and KRAS4B proteoforms and the contexts in which they
were identified. Each row represents all validated proteoforms that share the combinations of PTMs indicated with “X”s on the left. The number of unique
proteoforms in each row is shown on the right. In the middle section, the presence or the absence of the proteoforms in the biological contexts (cell lines
[light gray] and colorectal tumors) is displayed. The color of the box indicates the expressing allele of validated proteoforms: purple denotes WT form only,
magenta is mutant form only, and green represents both WT and mutant forms. No fill indicates no proteoform was detected. The dark yellow row shows
proteoforms bearing a C185* truncation, whereas light yellow columns in the left section highlight modifications, which involve the C-terminal residue C185.
Dark blue bars on top indicate the total number of validated KRAS proteoforms in each context. PTM, post-translational modification.

(rKRAS4A) on both instrument platforms to optimize TDMS
fragmentation parameters for optimal sequence coverage
(Fig. 3A4). Subsequently, we performed IP-TDMS of endoge-
nous KRAS from two mouse embryonic fibroblast (MEF) cell
lines, each expressing these specific isoforms (National Cancer
Institute [NCI] RAS Initiative) (45). MEFs expressing only
KRAS4A displayed proteoform distributions distinct from
those in MEFs expressing only KRAS4B (Fig. 3B). The two
most abundant KRAS4B proteoforms in MEFs were
KRAS4BF™Me and KRAS4B™™™ (Tables S1 and S2). While
KRAS4AT™Me and KRAS4AT™™ were present in KRAS4A
MEFs, two other proteoforms were observed with intact
masses consistent with KRAS4AF™Me plus a phosphorylation
(observed mass: 21,493.03 Da) as well as a KRAS4A proteo-
form containing C185 geranylgeranylation in addition to
Cys180 palmitoylation (observed mass: 21,719.03 Da) (Figs. 3B
and 2).

In all cell lines analyzed, KRAS4A proteoforms were
commonly observed at <25% relative abundance of equivalent
KRAS4B proteoforms (Fig. 3C and Table S1). A control
experiment where IP-TDMS was performed on cell lysate
with all four recombinant RAS isoforms (rRAS) spiked in at
equal concentrations showed that our assay did not prefer-
entially enrich rKRAS4B over other rRAS isoforms (Fig. S4). In
addition, KRAS4B displayed a greater proteoform diversity
than KRAS4A in every cancer context studied, with exception
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to MEFs expressing 4A (Fig. 2). While differences in modifi-
cations were observed, KRAS4A was also frequently modified
like KRAS4B, including the canonical N-acetylation, C185
farnesylation, and carboxymethylation of the C terminus.
Moreover, KRAS4A proteoforms are also abundantly nitro-
sylated for hemizygous KRAS alleles in direct alignment with
prior results on KRAS4B (Fig. 3D) (41). In isogenic HCT-116
parental (KRAS WT/G13D) cells, the most abundant
KRAS4A proteoforms were KRAS4AT™Me and KRA-
S4A:G13DF™™Me whereas in HCT-116 WT (KRAS WT/-)
cells, the most abundant proteoform was KRAS4AC118Ni-
tro™™Me (Figs. 3D and 2).

KRAS proteoforms in colorectal tumors

After detailed characterization of proteoforms in cell lines,
next we analyzed KRAS derived from a cohort of 34 primary
colorectal tumor samples procured by the Clinical Proteomic
Tumor Analysis Consortium (CPTAC). Portions of these same
tumors had previously undergone DNA sequencing, RNA-Seq
analysis, and BU proteomics as part of a 2019 CPTAC study
(46). KRAS4B proteoforms were identified in 26 of the 34
tumors. However, KRAS4A proteoforms were detectable in
just a single sample (01CO008). Given that KRAS4A can be
detected by the proteoform assay if present at >10% abun-
dance relative to KRAS4B, this result stands in contrast to
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Figure 3. KRAS4A Proteoforms. A, recombinant KRAS4A charge state distribution and graphical fragment map from a 21 T FT-ICR mass spectrometer. B,
proteoform landscapes in MEF KRAS4A WT and MEF KRAS4B WT cell lines from a 21 T FT-ICR mass spectrometer. Peaks in the KRAS4A landscape match the
masses for KRAS4A with phosphorylation (21,493.03 Da) as well as C185 geranylgeranylation with C181 palmitoylation (21,719.03 Da). C, KRAS4B versus
KRAS4A proteoform relative abundances in the HT-29 cell line (top) and corresponding KRAS4A fragment ion map (bottom). D, allele-specific KRAS4A
proteoforms shown in HCT-116 parental and WT isogenic cell lines. Asterisks denote oxidation. FT-ICR, Fourier transform ion cyclotron resonance; MEF,

mouse embryonic fibroblast.

what one would infer from RNA-level measurements that
indicated parity between KRAS4A and KRAS4B transcripts
(Fig. 4A, Tables S1 and S3) (46).

Thirteen of the 26 tumors positive for KRAS4B proteo-
forms were WT for KRAS, whereas the remaining 13 were
heterozygous for KRAS mutations (Table S4) (46). Proteo-
forms of KRAS4B containing a driving mutation (oncopro-
teoforms) were detected in nine of these latter 13 tumors,
many at relative abundances similar to their WT counter-
parts (Fig. 4B) (41). Moreover, close inspection of the RNA-
Seq data from portions of these same tumors allowed
calculation of the relative expression for the WT and
mutant KRAS alleles (Fig. 4B and Table S4) (46) and com-
parison with respective proteoform relative abundances. The
subset of tumors that lacked detectable KRAS oncoproteo-
forms (11C0O020, 15C0O001, 11CO058, and 20CO001) re-
ported having mutant allele expression between 40 and 67%

4 | Biol. Chem. (2023) 299(1) 102768

at the RNA level. Tumors that had detectable levels of
oncoproteoforms reported having mutant allele expression
between 37 and 71% (Fig. 4B and Table S4) (46). Therefore,
the lack of observable proteoforms in a subset of the colo-
rectal tumors containing the mutant allele appears not to be
driven by lower expression of the mutant allele at the RNA
level.

Because of the nature of TDMS, the linkage between
KRAS4B mutations and PTMs could also be characterized, a
feat not possible with BU once proteins are protease digested
(Fig. 4C). Using these TDMS data, we were able to generate a
profile of validated KRAS4B proteoforms associated with each
KRAS mutation (Fig. 2, Tables S1 and S2). We also searched
extensively for KRAS mutant proteoforms with unexpected
modifications by manual inspection as well as using a tailored
database, which returned no significant hits. In-gel trypsin
digestion and subsequent BU also did not detect peptides from
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Figure 4. KRAS in primary colorectal tumors. A, RNA-Seq data collected from tumors showing percent abundance of KRAS4A transcripts out of total KRAS
(top). Only the tumor sample 01CO008 displayed a KRAS4A proteoform above the threshold for detection by TDMS. The relative abundance of this pro-
teoform (KRAS4A:G12VC180Palm™™M®) was very low compared with the canonical KRAS4B:G12V™"™Me proteoform (bottom). B, abundance of mutant
KRAS4B in tumors as determined by either RNA-Seq (46) and TDMS. C, fragment ion maps showing that TDMS can distinguish mutant from WT proteoforms
within the same tumor. Site of mutation is depicted by colored circles. TDMS, top—down mass spectrometry.

mutant KRAS within the flow-through, elution, and bead IP
fractions, implying that the IP did not leave behind mutant
KRAS proteoforms.

KRAS4B proteoforms in tumors exhibited differential
abundance of PTMs critical for membrane association,
including prenylation and carboxymethylation. KRAS4B™/Me
was present in all tumor samples, irrespective of mutational
status. KRAS4B™™ was present in most tumor samples,
although in the majority of cases, it was at <50% of the relative
abundance of the canonical form (KRAS4B™™M¢), Only two
tumors (05CO008 and 09CO015) showed relative abundance
levels of KRAS4B™™ (the form without a C-terminal methyl-
ation) similar to KRAS4B™™Me KRAS4BEram/Me yyag only
observed in three of the tumors, two of which contained
A146T mutations and one which contained a G13D mutation
(Fig. 2 and Table S1). Unlike KRAS4B"™™, there was no evi-
dence to support the presence of a KRAS4BS™™! form,
Geranylgeranylation was also not observed on mutant
KRAS4B proteoforms in the tumors, even within samples
containing KRAS4BE*™/Me (Fig 2) Finally, C185 farnesyla-
tion was observed in higher relative abundance than C185
geranylgeranylation in the three cases in which geranylger-
anylation was observed (Table S1).

Finally, one of the most striking findings was the presence of
novel KRAS4B proteoforms lacking the C185 residue along
with the associated farnesylation and carboxymethylation,

SASBMB

which were present at high abundance in the COR-L23 cell line
and many primary colorectal tumor samples (Figs. 5, 2 and S5).
These truncated proteoforms were present in the WT and the
G12D, G12V, G13D, and A146T mutant variants of KRAS4B
(KRAS4BC'#>*  KRAS4B:G12D“'®%*,  KRAS4B:G12V<1®+
KRAS4B:G13D“"*%*, and KRAS4B:A146T<'*>*, respectively).
Eighteen tumor samples contained truncated proteoforms and,
in 11 cases, they were greater than twofold more abundant than
canonical KRAS4B™™™Me (Figs. 2, S54 and Table S1). After
careful review of RNA-Seq data from these same tumors, we
saw no evidence that the absence of KRAS4B C185 originates at
the transcript level (46). We also spiked rKRAS4B into cell
lysates and showed by IP-TDMS that the truncation was not
because of artifactual cleavage of the Lys'®**~Cys'® peptide
bond after cell lysis (Fig. S6).

Functional characterization of truncated KRAS4B proteoforms

Since KRAS4B“'®>* proteoforms are neither prenylated nor
carboxymethylated, we hypothesized that they would be un-
able to associate with the plasma membrane, thus be unable to
activate the MAPK signaling pathway (Fig. 5B). To test this,
HeLa and MEF cells absent of all four RAS isoforms were
transfected with plasmid encoding N-terminally tagged KRAS
WT bearing a premature stop codon at C185 (45). The
localization and function of KRAS in these cells were then

J. Biol. Chem. (2023) 299(1) 102768 5
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Figure 5. Novel KRAS4B Truncation. A, graphical fragment maps from TDMS of KRAS4BT™Me and KRAS4B<'®* proteoforms and their corresponding
structural models (Protein Data Bank ID: 5TAR). B, scheme depicting hypothesized differences in membrane association and cell si%TaIing between
KRAS4B™™Me and KRAS4BS'8>*, C, scatter plot showing pERK/ERK levels in MEFs transfected with different plasmids (WT = GFP-KRAS4B™"; no Cys185 =
GFP-KRAS4B“'8>%, GFP = GFP-only vector; EV = empty vector; NT = no transfection control) normalized to pERK/ERK levels in parental (PAR) MEFs (no 40HT,
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examined by phosphoimmunoblotting and live-cell imaging
(Figs. 5, C and D and S7-S9).

In “Rasless” MEFs, GFP-KRAS4B“'*** was unable to acti-
vate the MAPK pathway in contrast to GFP-KRAS4B™'
(Figs. 5C and S7). There were no significant differences in p-
ERK levels observed among GFP-KRAS4B“'®>* GFP only,
empty vector, and nontransfected “Rasless” MEF conditions.
Cells expressing GFP-KRAS4BY" exhibited p-ERK levels
above all other conditions and had similar levels as those seen
in the parental MEFs (no 4-hydroxytamoxifen [4OHT] treat-
ment) (Figs. 5C and S7).

Live-cell images of HeLa cells transiently expressing the
GFP-KRAS construct were taken 24 h post-transfection and in
combination with CellBrite Steady 650 membrane dye. Clear
differences in membrane localization were observed between
GFP-KRAS4BYT and GFP-KRAS4B“'®>* (Figs. 5D and S8).
Intensity profile plots for 30 cells from each condition
confirmed that GFP-KRAS4B“'%>* was primarily within the
cytoplasm, whereas the majority of GFP-KRAS4BY " is local-
ized tightly to the plasma membrane (Figs. 5D and S8).
Transfection of a vector expressing GFP alone showed that
GFP was diffuse throughout the cell and also not localized to
the plasma membrane (Fig. S9). In addition, GFP-
KRAS4B“'®* and GFP-KRAS4BY' were found to be
expressed at equal abundance, suggesting that the contrast in
membrane association was not driven by differences in protein
expression (Fig. S10).

Commondalities and differences in the KRAS proteoform
landscapes between cell lines and colorectal tumors

Validated proteoforms, confirmed by both intact mass
measurement and targeted proteoform sequence character-
ization, were compared between cell lines and colorectal tu-
mor samples to identify unique and shared proteoforms
(Fig. 6). Among the proteoforms that were exclusively in cell
lines were the majority of the KRAS4A proteoforms (KRA-
S4AFMe KRAS4AT™,  KRAS4A:G12D™™Me,  KRA-
S4A:G12D™™, KRAS4A:G13D™™M¢,  KRAS4A:G13D™",
and KRAS4AC118Nitro™™™™e¢) except for KRAS4A:
G12VC180Palm™ ™™, which was found in a single tumor
(01CO008) (Fig. 2). In addition, KRAS4BC118Nitro" /e
and KRAS4AC118Nitro"™™™¢ were only found in isogenic
cell lines that were hemizygous KRAS WT (HCT-116 WT,
DLD-1 WT), as previously reported (41).

Proteoforms that were exclusively in the primary colorectal
tumor samples included a set of KRAS4B proteoforms that
lacked the C185 residue (KRAS4BC'®%*, KRAS4B:G12D'%
KRAS4B:G13D'®%* and KRAS4B:A146T'®>*), except for
KRAS4B:G12V<"*>*, which were also found in COR-L23 cells
(Fig. S5B). In addition, KRAS4B proteoforms containing a single
methylation within the C-terminal region of residues 147 to 184
were found only in primary tumors (KRAS4Bme™™Me,

RAS proteoform landscape in colorectal cancer

KRAS4B:G12Dme™™™¢,  KRAS4B:G12Vme"™™/™e,
KRAS4B:G13Dme"™™™®) (Figs. 2, 5 and S11).

While the observed relative abundances of KRAS proteo-
forms were variable across samples, clear trends in the most
well-validated proteoforms emerged (Table S1). The proteo-
forms KRAS4B™™™™M¢ and KRAS4B'%>* were of consistently
high abundance. Although present in the majority of contexts,
KRAS4B™™ was often observed in much lower abundance
than KRAS4B™™/Me,

Notably, proteoforms containing previously reported PTMs
such as S181 phosphorylation and lysine acetylation were not
observed in the biological contexts examined in this study.
Control experiments (Fig. S12) support that these modifica-
tions are not being lost ex vivo as a result of our IP-TDMS
methodology and can be successfully characterized if in high
enough relative abundance. It is possible that these previously
reported modifications exist outside the contexts that have
been analyzed in this study.

and

Discussion

With a systematic approach employing immunoenrichment
and TDMS, this study provides unique data for KRAS pro-
teoform characterization with complete molecular specificity.
These analyses revealed that the RAS proteoform landscape is
more diverse than previously known, with a total of 28 novel
validated proteoforms harboring new types of PTMs identified
(Fig. 2). This diversity of RAS modifications, as well as dif-
ferential relative proteoform abundances across cell lines and
tumors (Table S1), suggests that regulation of RAS activity is
adaptable in multiple dimensions. Moreover, this observed
KRAS proteoform complexity also reveals potential challenges
for the design of targeted KRAS inhibitors, particularly those
acting on a single axis.

KRAS isoforms differ in abundance and PTMs

Previous studies have found that KRAS4A acts distinctly
from KRAS4B, is modified differently than KRAS4B, and plays
a significant role in oncogenic signaling (17, 47-53). The new
ability to detect KRAS4A proteoforms facilitated a direct ex-
amination of both KRAS4A relative abundance and PTM
profile within cell lines and tumors (Fig. 3). The majority of
KRAS4A proteoforms were detected only in cell lines and were
observed at lower relative abundance than those of KRAS4B,
including in contexts previously reported to exhibit similar
KRAS4A and KRAS4B transcript levels (Fig. 6 and Table S3)
(46, 52). The lack of detectable KRAS4A proteoforms in tu-
mors was unexpected given previous reports that KRAS4A
plays a prominent and specific role in cancer biology (48, 49,
52, 53). This discrepancy between proteoform and RNA-level
information could be due to a sampling bias in the portion
of tumor analyzed or post-transcriptional regulation events
(54). It is also possible that additional KRAS4A proteoforms

no transfection). Densitometry measurements were performed by Fiji ImageJ (73). All three replicates are displayed. D, intensity traces of GFP-KRAS and
Membrane Dye 650 signal versus distance across a cell as determined by Fiji ImageJ (micrometer) (top) and live-cell images of Hela cells expressing
KRAS4B™™ME o1 KRASABS'®* plasmids (bottom) (bar represents 5 pm). 40HT, 4-hydroxytamoxifen; MEF, mouse embryonic fibroblast; TDMS, top-down

mass spectrometry.
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Figure 6. Schematic diagram of RAS proteoforms either unique or shared between cell lines and colorectal tumor samples. Green triangle indicates

internal methylation as distinct from carboxymethylation at the C terminus.

are present, but at an abundance so low, that it is below the
levels of detection by TDMS. Furthermore, KRAS4B showed a
higher diversity of PTMs than KRAS4A (Fig. 2). The notably
higher relative abundance of KRAS4B, as well as the diversity
in PTMs that could modulate its function, suggests the
abundance-driven hypothesis that KRAS4B may be the more
influential KRAS isoform within the sample types examined
here. While KRAS4B was the predominant isoform in the
contexts analyzed in this study, KRAS4A proteoforms may be
more highly expressed in different tissues or at specific stages
of cancer progression as well as participate in distinct signaling
roles from KRAS4B (48, 49, 51-53).

Abundance of KRAS oncoproteoforms in tumors

The survey of colorectal tumors also revealed that KRAS4B
mutant proteoforms were frequently present at higher abun-
dance than our initial study suggested, and in some cases, were
present at near equal relative abundance to their WT coun-
terparts (Fig. 4B) (41). These results align with a study by
Mageean et al. (55), which found that mutant KRAS protein
represented 50% (+10%) of total KRAS expressed in SW48
isogenic colorectal cell lines. In contrast, KRAS mutant pro-
teoforms were not detected in four of the tumors bearing
KRAS mutations. While this was not because of low RNA
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expression levels (Fig. 4B), the lack of mutant proteoforms may
have instead been because of a post-transcriptional regulatory
mechanism, such as the selective regulation of KRAS mutant
protein stability by SMURF2 (46, 56). In addition, there may
have been sampling bias in the section of tumor that we
analyzed. A specific sampling study employing techniques like
MS imaging would be required to determine the protein-level
dosage of mutation as a function of tumor region. With the
advent of mutation-specific KRAS inhibitors, it is critical to
understand the relative abundance of oncogenic KRAS4B
within patients. Our findings show that oncogenic KRAS4B
proteoforms represent a significant portion of the KRAS pro-
teoform population in 9 of the 13 tumors with KRAS muta-
tions analyzed.

KRAS PTMs in tumors

Previous studies have also found that KRAS mutant variants
can lead to distinct downstream signaling targets and patient
outcomes, although this has been attributed to differential
nucleotide hydrolysis rates and interactions with RAS effectors
(3, 5, 57). The improved KRAS IP-TDMS assay allowed us to
examine whether KRAS mutant variants also exhibit differ-
ential PTMs, particularly when compared with those of WT
KRAS, which could contribute to observed phenotypic
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differences. However, our survey of colorectal tumors did not
identify any KRAS mutation- or allele-specific PTMs that
could explain phenotypic differences previously seen in KRAS
mutant-driven cancers. Instead, a more complex picture
emerged showing that both WT and mutant KRAS proteo-
forms can be modified with a range of PTMs and are present at
different relative abundances according to each sample (Fig. 2
and Table S4), which likely modulates their respective down-
stream signaling pathways. Notably, KRAS4B™™™M¢ was pre-
sent in every tumor sample with detectable KRAS irrespective
of KRAS mutational status or percent tumor tissue (Fig. 2 and
Table S4). The frequency and relatively high abundance of this
proteoform underscores how critical it is to cell signaling even
in the presence of oncogenic KRAS mutations.

Most strikingly, we observed two novel classes of KRAS
proteoforms within colorectal tumors. The first class
comprised WT and mutant KRAS4B proteoforms bearing a
monomethylation site within the C-terminal region spanning
residues 147 to 184 (Figs. 6, green triangle, S11 and 2). While
the specific modified residue(s) could not be site localized
using the proteoform fragmentation data collected here
because of the high frequency of candidate Lys residues within
this region, this PTM could be analogous to HRAS K147mel
(58). The functional relevance of this monomethylation is
unknown but may present an interesting avenue for future
investigations. The second class comprised WT and mutant
KRAS4B proteoforms lacking the C185 residue and associated
PTMs (farnesylation and carboxymethylation) (Figs. 5A and
S5). These novel truncated KRAS4B proteoforms were detec-
ted at high relative abundance within the majority of the tumor
samples analyzed. In addition, the detection of mutant trun-
cated KRAS4B proteoforms indicated that these originated
from within the tumor tissue and are not merely artefacts from
the surrounding healthy tissue.

KRAS4B undergoes a post-translational processing at a
C-terminal CAAX motif, which involves farnesylation at C185,
proteolysis of the AAX, and carboxymethylation of the resul-
tant C terminus (Fig. S1) (12, 14, 18, 21). These modifications,
along with a lysine-rich region, facilitate KRAS4B association
with the plasma membrane (13, 21). Previous studies investi-
gating this process employed a C181S mutation, resulting in a
C-terminal sequence of SAAX lacking farnesylation and car-
boxymethylation (13, 59). However, functional analyses of
KRAS4B lacking C185, the AAX motif, and associated PTMs
have not been reported.

Fully processed KRAS4B interacts with RAF at the plasma
membrane, leading to activation of the downstream MAPK
signaling pathway (20, 60, 61). Given the loss of membrane
association exhibited by GFP-KRAS4B“**** in our live-cell
imaging experiments, we hypothesized that this proteoform
would be unable to activate the MAPK pathway and induce
phosphorylation of ERK1/2 at Thr202/Tyr204 (Fig. 5B) (62).
Indeed, GFP-KRAS4B“'*** was unable to induce ERK1/2
phosphorylation above the basal levels seen within the controls
(Fig. 5C). As activation of the MAPK pathway is associated
with cell growth and proliferation, KRAS4B“'®* may therefore
be truncated as part of an antiproliferative regulatory
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mechanism (62). In addition, oncogenic KRAS4BC!85
as a dominant negative inhibitor since malignant trans-
formation requires RAS prenylation (63, 64). No clear trends
were observed by principal component analysis between the
presence of WT or mutant KRAS4B“'®** proteoforms and the
cancer stage (I-IV), subsite, or vital status (deceased/living) of
the patients from which the tumors originated (data not
shown). The heterogenous nature of the colorectal tumors
analyzed in the current study (e.g, treatment status, subsite,
percent tumor tissue, mutational status, etc.), along with
sample cohort size, made it challenging to identify clear as-
sociations between a specific proteoform and patient pheno-
type. Our generation of a reference set of KRAS proteoforms
enables for future controlled TDMS studies to test for corre-
lations to cancer stage or other patient metrics of high clinical
utility.

The mechanism by which the novel KRAS4B“'#>* proteo-
forms are generated is unclear. RNA-Seq data from the tumor
cohort showed no evidence of genetic or transcriptional
alteration that would give rise to these proteoforms (46).
Instead, an enzyme such as Ste24, a metalloprotease that
cleaves farnesylated proteins at both CAAX sites and N-ter-
minal distal sites, could be responsible (65, 66). The elucida-
tion of the responsible mechanism for the novel KRAS4B~*>*
truncation could shed insight into why this proteoform is
highly abundant in some biological contexts, yet not in others.
This will be critically important for understanding how the
entire KRAS proteoform landscape within a given patient may
play a role in both cancer severity and progression. Under-
standing the generative mechanism of KRAS4B“'*** and
resulting modulation of plasma membrane association could
also pave the way for the development of anti-KRAS thera-
peutics, as prior strategies targeting KRAS membrane locali-
zation have yielded disappointing results (6, 7, 9). Finally,
systematic discovery of KRAS proteoforms highlights the
ability of TDMS to provide a unique perspective on RAS
modifications and inspire new lines of investigation into RAS
biology.

may act

Experimental procedures
Cell culture and primary colorectal tumor tissue

HCT-116 and DLD-1 parental (KRAS WT/G13D) and WT
(KRAS WT/-) cells were purchased from Horizon Discovery.
Cells were maintained at 37 °C and 5% CQO, in RPMI1640
supplemented with 10% fetal bovine serum (FBS) and 5%
antibiotic—antimycotic (Anti-Anti; Thermo Fisher Scientific).
HT-29 (KRAS WT/WT) cells were purchased from American
Type Culture Collection. HeLa cells are a kind gift from S.]J.
Flint and maintained at 37 °C and 5% CO, in Dulbecco’s
modified Eagle’s medium supplemented with 10% FBS and 5%
antibiotic—antimycotic. “Rasless” MEFs expressing KRAS4A
WT, KRAS4B WT, or KRAS4B G13D were generously
donated by the NCI RAS Initiative. Cells were maintained at
37 °C and 5% CO, in Dulbecco’s modified Eagle’s medium
supplemented with 10% FBS, 5% penicillin—streptomycin, and
4 pg/ml blasticidin. Confluent cells were washed twice in
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ice-cold PBS, harvested by scraping, resuspended in ice-cold
PBS, divided into aliquots containing 1 x 10® cells, and pel-
leted by centrifugation. The resulting cell pellets were pro-
cessed directly or snap-frozen in liquid nitrogen for storage
at —80 °C. Identities of cell lines were confirmed by short
tandem repeat profiling performed by the NU SeqCore. SNU-
61 (KRAS WT/G12D), CaCo-2 (KRAS WT/WT), COR-L23
(KRAS G12V/G12V), and NCI-H1792 (KRAS WT/G12C) cell
pellets were generously donated by the NCI RAS Initiative.
Cells tested negative for mycoplasma (American Type Culture
Collection, catalog no.: 30-1012K).

The 34 primary colorectal tumor samples were obtained
from the US NCI's CPTAC, National Institutes of Health.
Tumors were collected, quality control approved, and pro-
cessed according to CPTAC standard operating procedures,
shipped on dry ice, and maintained in liquid nitrogen until the
time of analysis.

P

IP with anti-v-HRAS agarose IP beads (OPO1A; Milli-
poreSigma, Research Resource Identifier [RRID]: AB_437743)
was performed as previously reported (42), with the exception
of the lysis buffer composition, which now contained 50 mM
Tris (pH 7.5), 150 mM NaCl, 1% NP-40 (MilliporeSigma), 1%
Triton X-100 (Thermo Fisher Scientific), and 1x final con-
centration of HALT Protease and Phosphatase Inhibitor
Cocktail (Thermo Fisher Scientific). IP reactions were per-
formed in triplicate for cell lines. Each replicate had four LC
injections sample. A single IP reaction was performed for each
tumor, followed by four LC injections per sample if proteo-
forms were detected.

LC and MS
QE-HF mass spectrometer (Thermo Fisher Scientific) parameters

Immunopurified RAS proteins were further resolved by
reverse-phase nanocapillary LC delivered by a Dionex UltiMate
3000 system (Thermo Fisher Scientific) prior to introduction
into a Q-Exactive HF BioPharma mass spectrometer (Thermo
Fisher Scientific). Injections (5 pl) of sample were loaded onto a
trap column (150 pm inner diameter [ID]; 3 cm length, L) and
washed in HPLC solvent A (5% Optima acetonitrile [ACN], 95%
Optima H,O, 0.2% MS grade formic acid (FA); all Thermo
Fisher Scientific) for 10 min at a flow rate of 2.5 pl/min. Samples
were then resolved on a nanocapillary analytical column (75 pm
ID, 25 cm L) coupled to a vented tee setup and a nanospray
emitter (New Objective FS3605015N20). Trap columns,
analytical columns, and spray emitters were packed in-house
with PLRP-S resin (5 um particle size, 1000 A pore size; Agi-
lent Technologies) and maintained at 45 °C during LC/MS
analysis. RAS proteins were eluted into the mass spectrometer
at a flow rate of 0.3 pl/min by the following gradient: 5% HPLC
solvent B (95% ACN with 0.2% FA) at 0 min, 30% solvent B at
5 min, 45% solvent B at 25 min, 95% solvent B from 28 to
31 min, and 5% solvent B from 34 to 50 min.

Intact mass (MS1) spectra were acquired using a full scan
method covering m/z 800 to 1000 to capture any abundant
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untargeted RAS species or a selected ion monitoring (SIM)
method covering m/z 900 to 970 or 910 to 970 in 6 or 7 x
10 m/z windows, the range within which the 23+ charge states
of all RAS proteoforms of interest were expected to fall. Both
MS1 scan methods were performed in “protein mode” at a
resolving power (r.p.) of 120,000 (at 200 m/z), with an average
of four microscans, an automatic gain control (AGC) target of
1E + 06 (full) or 3E + 06 (SIM), and a maximum ion injection
time of 50 ms (full) or 600 ms (SIM). Fragment ion (MS2)
spectra, which can confirm proteoform sequence and localize
PTMs, were acquired in either a data-dependent method tar-
geting the two most abundant species within each MS1 scan
(top2dd) or by targeting a list of preselected values with
increasingly narrow m/z windows to provide diagnostic frag-
ment ions to be used in proteoform quantitation and com-
parison (targeted MS2 [tMS2]). MS2 scans were acquired at an
r.p. of 60,000 (at 200 m1/z), with an isolation window of 4 m/z
(full) or 3 m/z (tMS2), an AGC target of 1E + 06, and a
maximum ion injection time of 800 ms. Fragmentation was
triggered by high-energy collisional dissociation, with a
normalized collision energy (NCE) applied in 2% steps be-
tween 19 and 25%. Additional MS parameters included a
heated transfer capillary temperature of 320 °C, an S-lens
radiofrequency amplitude of 50%, and 15 eV in-source disso-
ciation to facilitate protein desolvation and adduct removal.

21 T FT-ICR instrument parameters for top-down LC-MS/MS

Immunopurified KRAS proteoforms were further resolved
by reversed-phase nano-LC delivered by an ACQUITY
M-Class chromatographic system (Waters) prior to introduc-
tion into a custom 21 T FT-ICR mass spectrometer (National
High Magnetic Field Laboratory) (43, 44). Injections (5 pl) of
sample were loaded onto a trap column (150 um ID; 3 c¢cm
length, L) and washed in HPLC solvent A for 10 min at a flow
rate of 2.5 ul/min. Samples were then separated using a
nanocapillary analytical column (75 pm ID, 15 cm L) coupled
to a 15 um nanospray emitter (New Objective). Trap columns,
analytical columns, and spray emitters were packed in-house
with PLRP-S resin (5 pm particle size, 1000 A pore size; Agi-
lent Technologies) and maintained at room tempearture dur-
ing LC-MS/MS analysis. KRAS proteoforms were eluted and
directly electrosprayed into the mass spectrometer at a flow
rate of 0.3 pl/min by use of the following gradient: 5% HPLC
solvent B (45% ACN, 45% LCMS-grade isopropanol [Honey-
well], and 0.3% FA) at 0 min, 30% solvent B at 5 min, 45%
solvent B at 35 min, 75% solvent B at 45 min, 75% solvent B
from 45 to 48 min, and 5% solvent B from 48 to 70 min.

For all experiments, the electrospray ionization source was
biased at 2.75 kV, and the inlet capillary was heated to 325 °C.
MS1 spectra were recorded from m/z 300 to 2000, 700 to 1500,
or 800 to 1000 at an r.p. of 150,000 or 300,000 (at 400 m/z) as
the sum of four microscans, with an AGC target of 1E + 06
charges, and a maximum ion injection time of 500 ms. tMS2
spectra utilized the same r.p. settings but were recorded from
m/z 300 to 2000 as the sum of two microscans. Fragmentation
was performed by collision-induced dissociation (CID) or
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front-end electron-transfer dissociation (67) in the high-
pressure cell of a modified Velos Pro linear ion trap assem-
bly (Thermo Fisher Scientific) with precursor isolation
windows ranging from 10 to 50 Th and 300 to 400 ms
maximum precursor injection times. MSN AGC targets were
3E + 05 for ETD or 4E + 05 for CID, and an external multipole
storage device was used to store multiple accumulations of
product ions prior to high-resolution mass analysis in the ICR
cell such that cumulative MS2 AGC targets were >2E + 06
charges. For fragmentation by CID, an NCE of 0% (isolation
only for improved S/N of precursors) or 35% and activation g
of 0.250 were employed for 10 ms. For fragmentation by front-
end electron-transfer dissociation, the reagent AGC target was
6E + 05, and precursors were allowed to react for 15 ms.
Spectra were stored in .raw file format in reduced profile mode
(i.e., noise baseline-subtracted).

Data processing

Data were processed using Xcalibur QualBrowser (Thermo
Fisher Scientific), ProSight Lite 1.4 (http://prosightlite.
northwestern.edu/), ProSight PD 4.0 (Thermo Fisher Scienti-
fic), and TDValidator 1.0 (Proteinaceous) (68, 69). For Pro-
Sight PD searches, a custom RAS proteoform sequence and
PTM database was created with Protein Annotator (http://
proteinannotator.kelleher.northwestern.edu/) and was depos-
ited on MassIVE. RAS isoform sequences were downloaded
from UniProt, and mutations, SNPs, and PTMs were manually
annotated. Raw files were run through ProSight PD with
subsequent manual validation by ProSight Light or TDVali-
dator (70). Observed masses, error, and p-scores of completely
characterized RAS proteoforms are reported in Table S5. The
top two most abundant RAS proteoforms as determined by
protein ion relative ratios and fragment ion relative ratios for
Figure 4 were quantified by the method described in the study
by Pesavento et al. (71). Fragment ion relative ratios were
taken from 3 m/z isolation windows for the canonical forms of
KRAS WT and mutant (Table S6). Incompletely characterized
RAS proteoforms are reported in Table S7. Raw files and the
custom ProSight PD database are deposited on MassIVE
(MSV000088748). Proteoform record numbers can be
searched in a database provided by the Consortium for Top—
Down Proteomics.

RNA-Seq data analysis

The mutational status and relative expression of RAS vari-
ants were determined by processing data from the CPTAC
Proteogenomic Confirmatory Study of Breast, Colon, Lung,
and  Ovarian Tumors (dbGaP  Study  Accession:
phs000892.v6.p1) deposited in the NCI Genomic Data Com-
mons (GDC). GDC data were downloaded using the GDC
Data Transfer Tool Client (version 1.6.1). Variants in KRAS,
NRAS, and HRAS were cataloged by searching masked MAF
files from whole exome sequencing. BAM files from RNA-Seq
experiments were downloaded from GDC and inspected with
Integrative Genomics Viewer (version 2.9.4; Broad Institute)
(72). The relative expression of variants was estimated as the
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uncorrected ratio of read counts at each variant locus. Mani-
fest files as well as sample sheets containing accession
numbers for the BAM and MAF files can be found at https://
github.com/bdrown/ras-cptac-analysis.

Plasmids and site-directed mutagenesis

Plasmids expressing GFP-tagged KRAS4B (HG12259-
ANG), pCMV3-N-GFPSpark control vector (CV027), or
pCMV3-untagged negative control vector (CV011) were pur-
chased from Sino Biological. PCR site-directed mutagenesis
was performed on the GFP-tagged KRAS4B plasmid to convert
the Q61H mutation to Q61 WT (IDT primers: 5-TGCACT
GTACTCCTCTTGACCTGCTGTGTCG-3' and 5-CGAC
ACAGCAGGTCA-AGAGGAGTACAGTGCA-3'), and a two-
base mutation was introduced for a stop codon in place of
cysteine codon at C185 (5'-GGCCGCTCTAGATTTAC
ATAATTA-CTTACTTTGTCTTTGACTTCTTTTTCTT-3'
and 5-AAGAAAAAGAAGTCAAAGACAAA-GTAA
GTAATTATGTAAATCTAGAGCGGCC-3'). Mutations
were confirmed by Sanger sequencing by ACGT.

Generation of Rasless MEFs

Parent MEFs (KRAS fl/fl, HRAS-null, and NRAS-null) were
provided by the Ras Reagent Group from the NCI Ras Initia-
tive at the Fredrick National Laboratory for Cancer Research
and were made “Rasless” by addition of 4OHT (Sigma-—
Aldrich) as previously described (45). Cell lines were validated
by Western blot and sulforhodamine B assay (Abcam; catalog
no.: ab235935) to ensure that the MEFs were viable and
“Rasless” after 4OHT treatment.

Western blots

Protein samples were run on NuPAGE 4 to 12% Bis—Tris
protein gels (Invitrogen), with 1x Mes buffer, at constant
120 V or 150 V. Transfers were performed using an iBlot 2
with polyvinylidene difluoride transfer stacks (Thermo Fisher
Scientific). Membranes were passivated with 5% milk/1x Tris-
buffered saline with Tween-20 or bovine serum albumin.
Antibodies for Western blots included anti-Pan RAS (catalog
no.. ab52939; Abcam; RRID: AB_2121042), anti-Vinculin
(catalog no.: 13901T; Cell Signaling Technologies), anti-P44/
42 MAPK (Erk1/2) (catalog no.: 4695S; Cell Signaling Tech-
nologies; RRID: AB_390779), anti-phospho p44/42 MAPK
(Erk1/2) (Thr202/Tyr204) (D13.14.4E) XP (catalog no.: 4370S;
Cell Signaling Technologies; RRID: AB_2315112), and anti-
GFP (catalog no.. MA515256; Thermo Fisher Scientific;
RRID: AB_10979281).

For MAPK Western blots, “Rasless” MEFs were transfected
with 2.5 pg of plasmids using Lipofectamine 3000 (Thermo
Fisher Scientific). After 48 h of incubation, cells were washed
with 1x Dulbecco’s PBS and lysed with the same ice-cold 1x
radioimmunoprecipitation assay buffer for 15 min. Cell lysate
was scraped, transferred into a LoBind tube, and centrifuged at
16,000g, 4 °C for 15 min. Supernatants were transferred to
clean LoBind tubes, and protein concentration was determined
by Pierce bicinchoninic acid protein assay (Thermo Fisher
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Scientific). A total protein concentration of 30 ug for each
sample was added to sample buffer, boiled at 95 °C for 5 min,
and then loaded into a gel as described previously. Antibodies
were probed in the following order starting with pErk1/2,
Erk1/2, GFP, and vinculin. Between each antibody probing, the
membrane was stripped with Restore stripping buffer (Thermo
Fisher Scientific) following product protocols. Experiments
were performed in triplicate. Densitometry measurements
were done using Fiji Image] (73). The ratios of p-Erk/Erk were
calculated for each sample and then normalized to the p-Erk/
Erk ratio of the MEF parental cell line. Individual data points
from all three replicates are depicted in Figures 5C and S7.

Live-cell imaging

HeLa cells on poly-L-lysine—treated coverslips in 12-well
dishes were transfected with 1000 ng of plasmid DNA using
Lipofectamine 3000. Cells expressed plasmids for 24 h prior to
staining with CellBrite Steady 650 membrane dye for 30 min.
Live cells were imaged using a Zeiss Axio Observer 7 confocal
microscope with LSM800 GaAsP-PMT detectors and a Plan-
Apochromat 40x objective (Zeiss, 1.3 numerical aperture, oil
immersion) with a pixel size of 0.077 pm x 0.077 pm. About
488 and 650 nm lasers were used to excite GFP and membrane
dye. Three technical replicates were performed, and z-stacks
for n = 30 cells were analyzed per sample type. Images were
analyzed by Fiji Image] using the Plot Profiles function (73).
Intensity values were normalized to the highest signal in-
tensity. Signal intensity plots are reported for each individual
cell in Fig. S8. No averaging between samples was performed.

BU analysis of select colorectal tumor samples

IP flow-through fractions, elution fractions preserved in
acetone, and IP beads in sample buffer were prepared using
trichloroacetic acid/acetone precipitation followed by in-gel
digestion with trypsin (Promega). A single set of IP fractions
was used for each individual tumor. The obtained peptides
were analyzed by LC-MS/MS using a Dionex UltiMate 3000
Rapid Separation nanoLC and a Q Exactive HF Hybrid
Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher
Scientific). Samples were loaded onto a house-packed C18
column and separated with a 5 to 40% of solvent (0.1% FA in
ACN) for 120 min by an analytical column (PicoChip, New
Objective, Inc). Full MS scans were acquired from 300 to 2000
m/z at 60,000 r.p. using an isolation width of 2.0 m/z. The top
20 most abundant precursor ions in each full MS scan were
selected for MS/MS fragmentation by higher-energy collisional
dissociation at 30% NCE. MS/MS spectra were searched
against a custom database, SwissProt Homo sapiens database
plus the mutant sequence of a KRAS protein, using the Mascot
search engine (Matrix Science; version 2.8.0). All searches
included carbamidomethyl Cys as a fixed modification and
oxidized Met; deamidated Asn and Gln; and acetylated N-term
as variable modifications. The search result was visualized by
Scaffold, version 5.0.1 (Proteome Software, Inc). Proteins were
identified with a 1% false discovery rate and a minimum of two
unique peptides.
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Data availability

Mass spectra raw files, custom databases, and analysis result
files are available on MassIVE (MSV000088748). RNA-Seq
data were acquired from dbGaP Study Accession
phs000892.v6.pl. Confocal microscopy images are available
upon request from the corresponding author.
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