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Degradation products of surplus subunits are often presented as HLA peptides.
Interferons increase degradation and presentation of such defective products.
Dynamic SILAC facilitates identification of such HLA peptides.

This cellular pathway provides alert to the immune system about viral infections.
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The Effect of Interferons on Presentation of
Defective Ribosomal Products as HLA Peptides

Liran Komov*, Dganit Melamed Kadosh®, Eilon Barnea, and Arie Admon’

A subset of class | major histocompatibility complex
(MHC)-bound peptides is produced from immature pro-
teins that are rapidly degraded after synthesis. These
defective ribosomal products (DRiPs) have been impli-
cated in early alert of the immune system about impending
infections. Interferons are important cytokines, produced
in response to viral infection, that modulate cellular
metabolism and gene expression patterns, increase the
presentation of MHC molecules, and induce rapid degra-
dation of proteins and cell-surface presentation of their
derived MHC peptides, thereby contributing to the battle
against pathogen infections. This study evaluated the role
of interferons in the induction of rapid degradation of
DRiPs to modulate the repertoire of DRiP-derived MHC
peptides. Cultured human breast cancer cells were
treated with interferons, and the rates of synthesis and
degradation of cellular protein and their degradation
products were determined by LC-MS/MS analysis,
following the rates of incorporation of heavy stable
isotope-labeled amino acids (dynamic stable isotope la-
beling by amino acids in cell culture, dynamic SILAC) at
several time points after the interferon application. Large
numbers of MHC peptides that incorporated the heavy
amino acids faster than their source proteins indicated
that DRIP peptides were abundant in the MHC peptidome;
interferon treatment increased by about twofold their
relative proportions in the peptidome. Such typical DRiP-
derived MHC peptides were from the surplus subunits of
the proteasome and ribosome, which are degraded
because of the transition to immunoproteasomes and a
new composition of ribosomes incorporating protein
subunits that are induced by the interferon. We conclude
that degradation of surplus subunits induced by the
interferon is a major source for DRiIP-MHC peptides, a
phenomenon relevant to coping with viral infections,
where a rapid presentation of MHC peptides derived from
excess viral proteins may help alert the immune system
about the impending infection.

The class | major histocompatibility complex (MHC), called in
humans the human leukocyte antigen (HLA), informs the im-
mune system about the ‘health state’ of the cells by

transporting peptides from the interior of the cells and ‘pre-
senting’ them at the cell surface. Detection by circulating T cells
of MHC peptides derived from pathogens, or cancer proteins,
triggers immune responses, leading to the elimination of the
diseased cells and termination of the infection cycle and dis-
ease progression. The HLA class | molecules are encoded by
HLA-A, HLA-B, and HLA-C, three highly polymorphic genes
whose polymorphism strongly affects their peptide-binding
properties, resulting in the presentation of significantly
different peptides’ repertoires by each of the HLA allotypes
(1-4). The assortment of peptides presented by the MHC/HLA
molecules on the cell surface is called the MHC or HLA pepti-
dome, ligandome, or immunopeptidome, which are typically
composed of tens of thousands of different peptides in each
cell type. The peptides’ repertoire is shaped by the degradation
scheme of cellular proteins, subsequent peptide transport into
the endoplasmic reticulum (ER) via the transporter associated
with antigen processing (TAP) (5, 6), peptide processing within
the ER by resident proteases (7), chaperone activities, which
load the peptides onto the MHC molecules (8), and the binding
selectivity of each MHC allomorph (2-4). During pathogen
infection, rapid degradation of pathogen proteins and presen-
tation of derived peptides by the MHC are needed to alert the
immune system of the impending infection and, subsequently,
for the survival of the organism (9, 10). Viral proteins are often
relatively stable, yet the infected cells need to degrade at least a
fraction of them to present a sufficient number of these ‘nonself’
MHC peptides to stop the infection cycle (11, 12). To overcome
the relative stability of viral proteins, the cells rapidly degrade
immature cellular or viral proteins that do not assemble into the
virions (called defective ribosomal products, DRIPs) (9, 13). In
cultured cells, up to one-third of the MHC peptidome was
proposed to derive from DRIPs (9, 13-15), which has subse-
quently been nicknamed ‘the DRiPome’ (14). DRiPs were sug-
gested to derive from the initiation of translation from
noncanonical sites (16-18), frameshifting (19-22), oxidized and
ubiquitinylated proteins induced by interferon (IFN)-y (23),
pioneer translation products (24), and translation of viral mRNA
in the nucleus (25). However, it was also shown that full-sized,
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misassembled, surplus subunits of protein complexes
contribute significantly to the HLA class | DRiPome in untreated
cultured human cells (15). The degradation of excess subunits
was shown to be essential for the proper function of the cells
(26, 27). Nevertheless, the majority of the presented MHC class |
peptides are thought to derive from normally degrading pro-
teins, after completion of their functional lifetimes, referred to as
retirees (28).

Analysis of virus-infected cells is the preferred approach for
understanding the immunological relevance of the DRiPome.
However, some viruses escape immune surveillance by
altering and inhibiting the MHC-I presentation pipeline in
infected cells (29), thus complicating the analysis of the virus-
derived DRiPome because of the complex effect of the virus
infection on the cells. Alternatively, parts of the cellular im-
mune response that takes place during viral infection can be
simulated by treating cells with IFNs, without infecting the
cells. Cytokines, such as IFNs, are secreted from virus-
infected cells and activated T cells, alert the immune sys-
tem, and enhance the cellular response to the infection
(30, 31). Therefore, studying the effect of IFNs on the HLA
class | peptidome in cultured human cells may serve as a
model for studying the effects of viral infection on the MHC
peptidome and DRiPome.

The type | (IFN-a and IFN-B) and type Il (IFN-y) IFNs,
investigated in this study, are key cytokines in the antiviral
response. IFN-f is secreted from most cells in response to
viral infection (32) including dendritic cells (33), and many
other cell types in the body (34). At later stages of the immune
response, IFN-y is secreted from T cells and other immune
cells (31). The IFNs strongly affect cellular metabolism and
gene expression (35), including the transcription factors
STAT1 and IRF-9 (36, 37), as well as MHC class | and class Il
molecules (36, 38, 39). The IFNs also upregulate antigen
processing and presentation components, including pro-
teases, such as ER aminopeptidase 1/2, and the TAP trans-
porters (38, 40-44), as reviewed (2, 4, 7, 45). In addition, after
IFN exposure, expression of the catalytic subunits of the
immunoproteasome, that is, p1i/PSMB9, p2i/PSMB10, and
B5i/PSMB8, are strongly induced, partially replacing the
standard-proteasome catalytic subunits, p1/PSMB1, p2/
PSMB2, and 5/PSMB5 (46, 47). After exposure to IFN, up to
60% of the standard proteasomes are thought to be replaced
by the immunoproteasome (43). This replacement has been
associated with an enhanced immune response, mediated by
the production of peptides with hydrophobic or basic C
termini, which are preferred substrates for the TAP transport,
and possibly also better ligands for many of the MHC allo-
types (48, 49). Thus, it was suggested that the effects of the
IFNs on the immunopeptidome are largely mediated by the
immunoproteasome (23, 45, 50-55).

The effects of IFNs on the transcriptome (31), proteome
(56, 57), and HLA-I peptidome (39, 58-63) have been thor-
oughly studied. Also, the enhancement of MHC presentation

by IFN treatment may add neoepitopes to the presented
peptidome (55, 61, 64), this way inducing even stronger im-
mune responses. However, a detailed analysis of the effect of
IFN on the repertoires of peptides derived from DRIiPs (the
DRiPome) is still lacking. Most studies on the involvement of
the DRiPome in virology monitored the dynamics of a few
peptides (10) or cells infected with influenza or vaccinia virus
(65-67). Dynamic stable isotope labeling by amino acids in cell
culture (SILAC) followed by MS analysis was designed to
follow dynamics of proteins turnover (dynamic SILAC) (68) and
was used to distinguish between HLA peptides derived from
DRiPs or retirees by simultaneously analyzing the kinetics of
synthesis of the cellular proteins and their derived degradation
products, the HLA peptides (15, 69-72). Analysis of protein
turnover kinetics revealed differential degradation rates for
different proteins (73-78). Using the dynamic SILAC approach,
it is possible to distinguish between normal rapidly degrading
proteins with short half-lives and DRiPs, which are HLA pep-
tides produced from newly synthesized proteins before they
mature, irrespective of their half-lives (15, 69, 71).

In this work, dynamic SILAC was exploited to determine
whether DRIP processing rates are hastened to alarm the
immune system and the antiviral defenses, of impending viral
threat, simulated here by IFN-f and IFN-y treatment.

EXPERIMENTAL PROCEDURES
Cell Culture

The human breast cancer cell line, MCF-7 (obtained from the
American Type Culture Collection), was maintained in Dulbecco's
modified Eagle’s medium (DMEM), supplemented with 10% fetal calf
serum, 1% L-glutamine, and 1% penicillin-streptomycin, in a humid-
ified 5% CO, incubator, at 37 °C. The endogenous HLA molecules of
MCF-7 are HLA-A*02:01, B*18, B*44, and C*05, as determined by
tissue typing performed in the Laboratory of Clinical Immunology and
Tissue Typing, Rambam Hospital, Haifa.

Dynamic SILAC Labeling With Heavy Isotope—-Labeled Amino
Acids (Leu+7, Arg+10, Lys+8) in IFN-Treated Cells

Cells (7 x 10%/25 ml) were plated in 150-mm petri dishes con-
taining standard DMEM. The following day, the medium was sup-
plemented with 500 U/ml IFN-p or 250 U/ml IFN-y (PeproTech);
control cells were left untreated. After 8 h of incubation, the medium
was replaced with DMEM, lacking leucine, lysine, and arginine
(Biological Industries), and supplemented 10% dialyzed fetal calf
serum (Biological Industries) and heavy leucine ('3Cg,'°N-Leu),
heavy lysine (°Ce,'®Ny-Lys), and heavy arginine (*3Cg,'°N4-Arg)
(Cambridge Isotope Laboratories) at final concentrations of 52,
147.6, and 87.3 mg/I, respectively, as well as with 500 U/ml IFN-p or
250 U/ml IFN-y. After an additional 4-, 8-, or 12-h incubation with
the heavy amino acid medium and the IFNs, the cells were har-
vested, counted, and solubilized with detergents, and HLA pepti-
domes and proteomes were analyzed, as described below.

Experimental Design and Statistical Rationale

To define the effect of the IFN on the DRiPome, heavy amino acid
incorporation rates were followed using LC-MS/MS (dynamic SILAC
method) as previously described (15, 69, 71). Two biological replicas
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and two technical replicates of each treatment regimen were per-
formed. HLA peptides were declared as DRiPs or retirees based on
their synthesis rates whose significance was delimited by the SDs of
the synthesis rates of the tryptic peptides of each of their source
proteins (see Defining Peptides as DRiPs or Retirees) (Fig. 1).
Furthermore, the full proteome of MCF-7 cells of a label-free
experiment, untreated or treated with IFN-f or IFN-y for 48 h, was
analyzed, to add information on the proteins affected by the IFNs.
Three biological replicates of the treated label-free cells, and four
biological replicas of the untreated label-free cells were analyzed.

Add Switch from ‘light’ to ‘heavy’ amino
II;\J-B/IFN-V Tds media containing IFN-B / IFN-y
] ] ] ] —
Ohr 8hr 12hr 16hr 20hr
I I |
Tryptic digest I : HLA Immunoaffinity
purification
Proteome HLA peptidome

\l, LC-MS/MS and MaxQuant analysis\l,

6,482 Proteins 10,133 HLA peptides

\l/ Filter out Potential contaminants \l,

6,418 Proteins 9,336 HLA peptides

Include proteins with Include peptides with

2 or more peptides  8-14 amino acids

6,232 Proteins 8,863 HLA peptides

Include peptides with
netMHC Rank <=2 \

6,686 HLA peptides

Combine proteomics with HLA
\/ peptidomics data

5,189 HLA peptides with matched source proteins
\ Calculate H/L ratio, define DRiP factor

Fic. 1. Experimental flowchart of the dynamic SILAC samples.
Workflow for isolation and analysis of the proteome and the HLA class
| peptidome of IFN-treated and untreated cells. HLA peptides were
filtered, as indicated, to select the true HLA ligands; the filtered HLA
peptidome and cellular proteome were matched to pair the HLA
peptides with their source proteins. DRIP factors were calculated from
the H/L ratios of each peptide—protein pair to define DRIP peptides
and retiree peptides. DRIP, defective ribosomal products; H/L, heavy-
to-light; HLA, human leukocyte antigen; IFNs, interferons; SILAC,
stable isotope labeling by amino acids in cell culture.

Antibodies

W6/32 mAbs (a mouse anti-pan-HLA-A, -B, and -C) were produced
by the HB-95 hybridoma (79). The hybridoma was obtained from the
American Type Culture Collection and grown in CELLine CL 350
bioreactor flasks (Integra). Rabbit polyclonal anti-HLA class | and
mouse monoclonal anti-STAT1 antibodies were purchased from
Abcam, mouse monoclonal anti-1i/PSMB9 (anti-LMP-2) and mouse
monoclonal anti-20S proteasome p1 antibodies from Santa Cruz,
mouse monoclonal anti-actin antibody from MP Biomedicals, and
peroxidase-conjugated goat anti-rabbit and goat anti-mouse IgG from
Jackson ImmunoResearch.

Immunoaffinity Purification of HLA Complexes

HLA class | molecules were purified from approximately 5 x
102 cells, as previously described (80), with minor modifications, as
described (71). Briefly, cells were lysed with 0.25% sodium deoxy-
cholate, 0.2 mM iodoacetamide, 1 mM EDTA, 1:200 protease in-
hibitors cocktail, 1 mM PMSF, and 1% octyl-p-D-glucopyranoside
(Sigma Aldrich) in PBS (4 °C, 1 h). Extracts were then cleared by
centrifugation (45 min, 47,000g, 4 °C), and the HLA class | molecules
were immunoaffinity-purified using the w6/32 mAb bound to protein A
resin beads (GenScript), as previously described (71). HLA molecules
with their bound peptides were then eluted with five column volumes
of 1% TFA and then loaded on disposable Cqg columns (Harvard
Apparatus). The peptide fraction was recovered with 30% acetonitrile
and 0.1% TFA. The peptides were dried using vacuum centrifugation,
reconstituted with 100 pl 0.1% TFA, reloaded on Cig StageTips,
prepared as previously described (81), eluted with 80% acetonitrile,
dried, and then reconstituted with 0.1% formic acid for LC-MS/MS
analysis. HLA peptidomes were analyzed in two biological replicas
and two technical repeats (supplemental Table S1).

Trypsin Digestion of the Proteins

Five Coomassie-stained gel slices (30-pg MCF-7 protein/lane) from
each protein sample were processed by in-gel proteolysis (82). The
proteins in the gel slices were reduced with 2.8 mM DTT, at 60 °C, for
30 min, and carbamidomethylated with 8.8 mM iodoacetamide in
100 mM ammonium bicarbonate, at room temperature for 30 min, and
digested overnight, at 37 °C, in 10% acetonitrile and 10 mM ammo-
nium bicarbonate with modified trypsin (Promega), at a 1:10 (wt/wt)
enzyme-to-substrate ratio. The in-gel proteolysis of the labeled pro-
teins extract was performed with two biological replicas (supplemental
Table S2), while the in-gel proteolysis of the label-free proteome was
performed with four biological replicas for the untreated cells and
three biological replicas for the treated cells (supplemental Table S3).

HLA Peptide and Tryptic Peptide Identification

LC-MS/MS analyses of the HLA and the tryptic peptides were
performed with a Q-Exactive Plus mass spectrometer fitted either with
an Easy-nLC 1000 capillary HPLC (Thermo Fisher Scientific) or with an
UltiMate 3000 RSLC nano-capillary UHPLC (Thermo Fisher Scientific).
Reversed-phase chromatography was performed with a homemade,
30-cm-long, 75-pm-inner diameter capillaries, packed with 3.5-um
silica ReproSil-Pur C18-AQ resin (Dr Maisch GmbH), as previously
described (83). Peptides were eluted using a linear gradient of 5 to
28% acetonitrile in 0.1% formic acid, at a flow rate of 0.15 pl/min, for
2 h. Data were acquired using a data-dependent ’top 10’ method,
fragmenting the peptides by higher energy collisional dissociation.
Full-scan MS spectra were acquired at a resolution of 70,000, at
200 m/z, with a target value of 3 x 10° ions. Fragmented masses were
accumulated to an automatic gain control target value of 10°, with a
maximum injection time of 100 msec. No fragmentation was
attempted for HLA peptides with unassigned precursor charge states,
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or with charge states of four and above. For tryptic peptides, frag-
mentation was performed for charge states of 2 to 7. The peptide
match option was set to Preferred. The normalized collision energy
was set to 25% and MS/MS resolution was 17,500 at 200 m/z.
Fragmented m/z values were dynamically excluded from further se-
lection for 20 s.

Data Analysis

All the LC-MS/MS data were analyzed by the MaxQuant compu-
tational proteomics platform (84), version 1.5.8.3. The database
search was performed by the Andromeda search engine (85). Peptide
and protein identifications were based on the April 2017 human sec-
tion of the UniProt database (http://www.uniprot.org/) containing
70,946 proteins and 70,965 entries. Mass tolerances of 4.5 ppm for
the precursor masses, and 20 ppm for the fragments, were allowed.
Carbamidomethyl cysteine was accepted as a fixed modification for
the proteomics data. Methionine sulfoxide and n-acetylation were set
as variable modifications for both the proteomics and HLA peptidome
analyses. Minimal peptide length was set to seven amino acids, and a
maximum of two miscleavages was allowed for tryptic peptides. The
false discovery rate for tryptic peptides and HLA peptides was set to
0.01 and 0.05, respectively. The MS data of the proteomics and HLA
peptidomics were deposited into the ProteomeXchange (http://
proteomecentral.proteomexchange.org) via the PRIDE partner re-
pository (86), with the data set identifier: PXD022633.

Data Filtration

The lists of identified and quantified HLA peptides and cellular
proteins were filtered to remove reverse and potential contaminants
(Fig. 1). Furthermore, peptides were assumed true HLA binders if they
had a typical HLA class | ligand lengths of 8 to 14 amino acids, and the
NetMHC (http://www.cbs.dtu.dk/services/NetMHC/) rank values for
each of their presenting HLA alleles was <2 (supplemental Table S4)
(87). Only proteins identified with at least two tryptic peptides were
used for the next steps of the analysis. Furthermore, t-tests to
determine the significance of differences of identified label-free pro-
teins, measured in treated versus untreated cells, were performed by
the Perseus software (88) (supplemental Table S3).

A Retiree-peptide

Defining Peptides as DRIiPs or Retirees

DRIP factors are defined as the ratio between the rates of syn-
thesis of HLA peptides and synthesis rates of their source proteins
(supplemental Table S4). The relative rates of synthesis of HLA
peptides or proteins were calculated from their heavy-to-light (H/L)
ratios at each time point. The rates of source protein synthesis
were calculated as the median H/L ratios of the different tryptic
peptides at each time point. DRiP-derived HLA peptides (DRiP
peptides) shift from their light to heavy forms at faster rates than
their source proteins, whereas retiree-derived HLA peptides (retiree
peptides) shift slower than their source proteins. In this study,
peptides were classified as DRiP peptides if their H/L ratios were at
least one unit higher than the SD of the H/L ratios of the tryptic
peptides of their corresponding source proteins. Retiree peptides
were classified as such if their H/L ratios were at least one SD
lower (representative examples are shown in Fig. 2). The SD of the
H/L protein ratios was calculated from the MaxQuant Ratio H/L
variability [%] (as reported in the ProteinGroups.txt file in
supplemental Table S4), which is the coefficient of variability of all
redundant quantifiable peptides and is calculated as the SD of the
natural logarithm of ratios, times 100 (84).

Part of the presented data is the result of partial H/L quantification,
in which only the proteins were assigned H/L ratios, whereas their
derived HLA peptides were not, and vice versa. Such pairs could
therefore not be defined as classic DRiPs or retirees. Some of these
HLA peptides may be presented very slowly or quickly on the cell
surface, and in such cases, would only be detected in their light or
heavy forms. To address this issue, the intensities (and not H/L values)
of these HLA peptides were examined, and when only light or heavy
intensity values were observed, they were defined as ‘extreme DRiPs’
or ‘extreme retirees’, respectively (supplemental Table S4). It should
be emphasized that the classification of HLA peptides as extreme
DRiPs or extreme retirees was based solely on their intensity values,
rendering it less reliable than the DRiP/retiree assignments based on
H/L ratios. Furthermore, it is also possible that the IFN-induced
alteration of the scheme of protein synthesis in the cells caused
some HLA peptides to be defined differently between the untreated
and the IFN-treated cells. For example, HLA peptides, which are

B DRiP-peptide

ALAPGVRAV (PSMD14) —— HLA peptide ALSERAVAV (RNF114) —#— HLA peptide
1 —&—— Source protein 1 ——e—— Source protein
2 0 E 0
I _1 I _1
R o
- -;
£ g 2
£ 3 £ 3
) Control IFN-y IFN-B -4 Control IFN-y IFN-B
Timepoint  12h 16h 20h  12h 16h 20h  12h 16h 20h| Timepoint 12h 16h 20h  12h 16h 20h  12h 16h 20h
DRiPfactor 0.15 020 028 026 032 051 0.16 0.29 0.49|| DRiPfactor 2.13 332 4.87 4.84 456 548 2.05 4.61 8.14

Fic. 2. Graphical presentation of the typical synthesis rates of retiree peptides and DRiP peptides from their corresponding source
proteins. Examples are (A) PSMD11 (26S proteasome non-ATPase regulatory subunit 11) and (B) RNF114 (E3 ubiquitin-protein ligase). The
synthesis rate is observed as a shift from the light to heavy form (H/L ratio) of the HLA peptides and their corresponding source proteins. DRIP,

defective ribosomal products; HLA, human leukocyte antigen.
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defined as retiree peptides in the untreated cells, were classified as
DRIP peptides in the treated cells. This group of HLA peptides was
termed ’transient DRIPs’ (supplemental Table S4).

RESULTS

To investigate the effect of IFNs on the HLA peptidome, and
specifically on the DRiPome, the synthesis rates of cellular
proteins and their derived HLA peptides were determined from
the same culture of MCF-7 human breast cancer cells, at
specified time points after IFN exposure (Fig. 1). The synthesis
rates were defined by following the incorporation rates of the
three heavy isotope-labeled amino acids, lysine, arginine, and
leucine (see Experimental Procedures) into the cellular pro-
teins simultaneously with their degradation products, the HLA
peptides. The MCF-7 cells were cultured in growth media
containing light amino acids for 8 h in the presence of 250
units of IFN-y or 500 units of IFN-p, followed by shifting to
growth media containing the heavy amino acids that were
supplemented with the same concentrations of IFN-y or IFN-f,
to continue the exposure to the cytokines. Different treatment
times were evaluated to select the time window where the
effect of the IFNs started to be observed (8 h, supplemental
Fig. S1A), after which, samples were taken at shorter in-
tervals (Fig. 1) for optimal analysis of the dynamic SILAC data.
The rates of protein synthesis were calculated based on the
rates of incorporation of the heavy amino acids at 12, 16, and
20 h of IFNs exposure, and time intervals were selected to
achieve the optimal effect of the IFNs (supplemental Fig. S1).
This way, the relative rates of synthesis of the different pro-
teins and their derived HLA peptides could be defined. In total,
12,636 HLA peptides (supplemental Table S1) and 7016 pro-
teins (supplemental Table S2) were identified. Of these, 5189
HLA peptides derived from 2647 source proteins were
assigned H/L ratios by MaxQuant (Fig. 1) and their DRIiP factor
values were calculated using the relative rates of synthesis of
each pair of HLA peptide and its source protein (Fig. 2 and
supplemental Table S4).

In theory, all tryptic peptides derived from the same protein
should have similar H/L ratios at each time point, with distri-
butions indicating small variances arising from measurement
inaccuracies. In contrast, different HLA peptides derived from
a single protein differ in their H/L ratios, in accordance with
their stabilities and half-times while bound to the HLA mole-
cules. The variance of the H/L ratios of the tryptic peptides of
each source protein was used here to set the thresholds for
declaring HLA peptides deriving from the same source protein
as DRIP or retiree peptides, with at least one SD unit higher or
lower, respectively (see Experimental Procedures; represen-
tative examples are shown in Fig. 2). As expected, more tryptic
peptides with smaller variances between the H/L ratios were
detected from the more abundant proteins, and therefore,
narrower deviations of their H/L ratios could be set to define
their DRIP and retiree peptides (supplemental Fig. S2). It
should be emphasized that many identified HLA peptides and

proteins were not defined as DRIiPs or retirees because
insufficient H/L ratio data were collected at certain time points
and were therefore excluded from the subsequent analyses.

IFNs Affected the DRIP More Than the Retiree Peptides

IFN treatment modulated both the expression levels of
many proteins and their rates of synthesis (H/L ratios), along
with the increase in the levels of many well-known IFN-
dependent proteins, including STAT1, TAP1, and PSMB9
(Fig. 3, A and B, supplemental Fig. S1B, and supplemental
Table S2). Similarly, as expected (23, 36, 38, 39), HLA class
I molecules were upregulated by IFN treatments
(supplemental Fig. S1B and supplemental Table S2), which
was paralleled by higher intensities of HLA peptides, of which
larger numbers were identified, quantified, and assigned H/L
ratios (Fig. 3, C and D, Table 1, supplemental Tables S1, S3,
and S4). The total number of DRIP peptides increased about
twofold under these conditions, whereas the numbers and
identities of most retiree peptides remained mostly unaffected
(Table 1 and supplemental Table S4). Taken together, IFN
exposure had a more pronounced effect on DRiPs than on
retirees.

IFN Exposure Leads to the Presentation of DRIP Peptides
With Higher DRIP Factors

Our previous study showed that IFNs upregulate the HLA-
B peptidome more than the HLA-A and HLA-C peptidomes
(39). To further explore if this effect influences the presen-
tation of HLA allotype-specific DRiPs, we examined the HLA
peptides presented by each of the four allotypes of the MCF-
7 cells, HLA-A*02:01, B*18:01, B*44:02, and C*05:01,
associated with their presenting HLA allotypes using the
NetMHC server. This clustering analysis indicated that while
retiree peptides presented by HLA-A, HLA-B, and HLA-C
were largely unaffected by the IFN treatments, the
numbers of DRIP peptides presented on HLA-B molecules
were more significantly increased than the DRIP peptides
presented on HLA-A and HLA-C, while the levels of their
DRiP factor of both HLA-B and HLA-C were increased
relative to the HLA-A peptides (Fig. 4, supplemental Fig. S3,
and supplemental Table S4). One possible reason for the
higher presentation of DRIP peptides after IFNs treatments
could be the production of DRiP peptides with higher affin-
ities to their presenting HLA molecules relative to the retiree
peptides. However, no significant differences were observed
in the predicted affinities of the DRIP peptides versus retiree
peptides after exposure to IFNs (supplemental Fig. S4), us-
ing the affinity values defined by the NetMHC 4.0 server (87).
Because more hydrophobic peptides are considered better
substrates for TAP (48, 49), calculation of the grand average
of hydropathy (89) using the GRAVY calculator (http://www.
gravy-calculator.de/) of the DRiP and retiree peptides pre-
sented on the HLA-A, HLA-B, and HLA-C alleles did not
indicate differences in the hydrophobicity of the examined
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peptides (supplemental Fig. S5). Thus, the increased pre-
sentation of HLA-B DRIP peptides after IFN treatment was
likely not the result of a higher affinity of the HLA-B DRIiP
ligands to their presenting HLA-B molecules nor of their
higher hydrophobicity relative to the retiree peptides.

Surplus Subunits Induced by the IFN Treatments Are Major

Contributors of Ligands to the DRiPome

To determine whether specific cellular pathways or protein
complexes contribute to the DRiPome after IFN treatments,
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TaABLE 1
The number of identified and quantified HLA peptides and proteins

Treatments Identlflgd HLA HLA peptides §SS|gned Identlfled Proteins as§|gned H/ HLA peptides with DRIiP DRiPs Retirees
peptides H/L ratio proteins L ratio factors

Control 3354 2527 6115 3755 1589 893 346

IFN-y 5490 3762 6120 3680 2403 1592 253

IFN-B 5748 3675 6134 3627 2326 1312 310

Control cells were untreated.

we analyzed the lists of DRiP with the DAVID functional
annotation software tool (supplemental Fig. S6 and
supplemental Table S5). The analysis revealed that the ribo-
some, proteasome, and the chaperonin-containing T-complex
(CCT) subunits contributed mostly DRiP peptides, while the
spliceosome subunits contributed both retiree and DRIiP
peptides (Fig. 5A). Furthermore, after IFN treatments, the DRIP
factors of the peptides deriving from the ribosome and pro-
teasome subunits were higher than those of the spliceosome

and CCT (Fig. 5B). Therefore, a larger focus was placed on the
DRIiP peptides deriving from the ribosome and proteasome
protein subunits in the subsequent analyses.

After IFN Exposure, the Standard Proteasome Contributes
DRIiP Peptides With Higher DRIP Factors Than the
Immunoproteasome

IFNs differentially affected the immunoproteasome relative to
the standard proteasome. For example, the catalytic subunits
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Fic. 4. IFNs significantly increase the presentation of DRiP peptides with high DRiP factors. The numbers of the identified DRiP peptides
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products; HLA, human leukocyte antigen; IFNs, interferons.
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of standard proteasome subunits were not upregulated by
IFNs, whereas the catalytic subunits of the immunoproteasome
were strongly upregulated (Fig. 6, A and B, supplemental
Tables S2 and S3), as was observed before (48, 90). In the
current analysis, five DRIiP peptides deriving from the standard-
proteasome catalytic subunits were detected, while the only
DRIP peptide (KVIEINPYL) that could have originated from the
immunoproteasome catalytic subunit PSMB8 (5i) is also pre-
sent in the parallel standard proteasome catalytic subunit
PSMBS5 (B5) (Fig. 6A), and therefore, could not be declared as a
DRIP or a retiree. These observations suggest that IFN treat-
ments induce more degradation of newly synthesized
standard-proteasome catalytic subunits than of the immuno-
proteasome catalytic subunits, although the latter were syn-
thesized at higher rates (Fig. 6, A and B) but barely degraded.
The newly synthesized standard-proteasome catalytic subunits
may have become surplus subunits and were degraded into
DRIP peptides because their positions within the proteasomes
were occupied by the newly synthesized immunoproteasome
catalytic subunits.

To examine if other newly synthesized proteins contribute
significantly to the IFN-induced DRiPome, we matched the
larger proteome data of the 48-h label-free experiment to the
dynamic SILAC HLA peptidome data, to evaluate the contri-
bution of DRIP peptides derived from the downregulated
proteins. Indeed, a significant enrichment of DRIP peptides

deriving from mostly downregulated proteins was observed
(supplemental Fig. S7, supplemental Tables S3 and S4).

The Highest DRIP Factor Peptides Were Derived From
Ribosomal Proteins

After IFN treatments, the average DRIP factors of the DRiP
peptides of the ribosomal proteins were highest among the
other protein complexes examined in this study (Figs. 5B and
7A). The high DRIP factor ribosomal peptides were derived
equally from the 40S and the 60S (Table 2 and supplemental
Table S4). Interestingly, RPL28 and RPL6, which are shown
here to be the source proteins of high and low DRIiP factor
peptides, respectively (Fig. 7), were previously shown to
possess opposing roles in DRIP generation; RPL6 is thought
to enhance the production of DRiP peptides, whereas RPL28
has been suggested to hamper the supply of DRIP peptides
(65). Moreover, after IFN exposure, the DRIP factor of RPL28
increased, whereas the DRIP factor of RPL6 decreased
(Fig. 7B).

IFN-Induced DRIP Peptides Are Derived From the Entire
Length of Their Source Proteins

It was previously proposed that DRIP peptides are prefer-
entially derived from pioneering rounds of translations of
defective mRNA transcripts, and therefore, DRiPs were sug-
gested to be more commonly present in regions close to the N
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TABLE 2
High DRIP factor peptides derived from ribosomal protein subunits

Involved in ribosome

. . DRIP factor DRIP factor . . . Involved with viral
Source protein HLA peptides IFN-y 20 h IFN-B 20 h blogeng5|s and assoglaged infections
with ribosomopathies
RPL10A TLYEAVREV 9.3 7.2 (98)
NMVAKVDEV 141 10.5
NENMVAKV 25.0 21.7
RPL15 ILIDPFHKA 6.7 28.0 (107) 97)
RPL24 RTDGKVFQF 13.2 121
RPL26; RPL26L1 DEVQVVRGHY 17 19.7 (108)
DEVQVVRGH 18.1 16.1
RPL28 AADGKGVVV 36.8 34.7
RPL31 NEVVTREY 284 22.7 (109)
RPL34 FLIEEQKIVV 10.8 15.4
RPL35A ALLKIEGVYA 9.6 4.0
RPL5 KIYEGQVEV 10.9 6.5
RPL7 MEDLIHEIY 16.6 104 (99)
RPS15A VLADALKSI 7.5 13.4 (110)
RPS16; ZNF90 YVDEASKKEI 46.2 1.3
RPS17 ALDQEIIEV 15.2 3.7 (111-115)
RPS23 DEVLVAGF 6.7 11.6 (116) (101)
VGDIPGVRF 56.3 47.6
RPS3 YVDTAVRHV 66.0 51.9 (10
RPS3A GLKGRVFEV 8.0 11.9 (11
LADLQNDEV 9.2 21.3
RPS4X SIDKTGENF 50.3 53.4 (118)
RPS5 AETPDIKLF 4.0 16.9
VAETPDIKL 162.4 47.2
RPS7 VEHKVETF 25.3 - (111, 119-121) (122)
RPS8 RIIDVVYNA 21.0 18.7 (123)

#Information regarding the involvement of these proteins in ribosomopathies (105).

termini of their source proteins (9, 24). In contrast, DRiPs were
suggested to be located evenly along the entire lengths of
proteins (15). The locations of the HLA peptides, including the
IFN-induced DRIiP peptides and retiree peptides of the ribo-
some, proteasome, and spliceosome protein subunits, were
evenly spread along the entire length of their source proteins,
similar to the rest of the DRIP peptides identified in this study
(supplemental Fig. S8 and supplemental Table S4).

DISCUSSION

Identification of DRiP-derived HLA peptides presentation is
important for both a basic understanding of antigen presen-
tation and for clinical immunology. The notion that MHC pre-
sentation of DRIP peptides serves as an early warning during
pathogen infection was proposed before (9, 74). In our previ-
ous study (15) as well as here, using our dynamic SILAC
methodology, we define DRIP peptides a bit different from the
definitions proposed by Yewdell and Bennink (9, 74). The
dynamic SILAC approach allows us to follow the rates of
synthesis of thousands of different paired proteins and MHC
peptides, at once, from the same cell culture. Thus, we can
define DRIP peptides as those MHC peptides that are syn-
thesized (become heavy) faster than their source proteins (and

therefore have a high DRIP factor). This can happen only if a
significant fraction of the newly synthesized protein molecules
are degraded during or immediately after synthesis, and some
of the degradation products are rapidly channeled to MHC
presentation. In contrast, retiree proteins complete their
functional lifetime and are subsequently degraded; thus, their
MHC peptides shift from their light to heavy forms slower than
their source proteins. It should be emphasized that this
approach enables the definition of DRiPs and retirees that are
derived from both fast and slow turning over proteins. The
DRIiPs are the fraction of protein molecules that are degraded
before the proteins mature, and the retirees are the fraction of
protein molecules that are degraded after the proteins
completed their functional lifetimes, irrespective if they are
derived from fast or slow turning over proteins. However,
some HLA peptides are derived from very rapidly degrading
proteins, which are often observed only in their heavy forms,
and therefore are called here ‘extreme DRiPs’ and are listed in
supplemental Table S4. At the other end, ‘extreme retirees’ are
HLA peptides that were detected only in their light forms in
this study. Yet, it should be emphasized that the inability to
detect the light or heavy forms of some peptides may be
caused just by a failure of the bioinformatics software and
should be further investigated elsewhere.

10 Mol Cell Proteomics (2021) 20 100105

SASBMB



The Effects of Interferons on the DRiPome

The major role of IFNs in coping with viral infections is well
documented (91); however, the detailed involvement of IFNs in
the modulation of the repertoire presentation of DRiPs has not
been studied before, although their roles in enhancing the
production of DRIiPs from ubiquitinylated, oxidized, and
partially unfolded proteins were studied before (23). The IFN
enhancement of HLA presentation (38, 44) and altering cellular
metabolism and gene expression (31, 92) are also well stud-
ied. The IFNs may enhance the presentation of DRIP peptides
to enhance the alerting of the immune system about ongoing
infections. IFNs induce the expression of some proteins, while
blocking the expression, and even inducing the degradation of
others (Figs. 6 and 7, supplemental Fig. S7, supplemental
Tables S2 and S4). When viruses infect cells, the cells
respond by expressing type-l IFNs and by inducing the
expression of type-ll IFN-y by immune cells (31). A well-
documented consequence of elevated IFN levels is the
increased expression of MHC and presentation and upregu-
lation of chaperones and enzymes involved in antigen pro-
cessing and presentation (2, 4, 7, 45). These observations
indicate that IFNs serve as possible triggers of protein
degradation (23), a phenomenon that may extend to faster
degradation of viral and surplus subunits of cellular protein
complexes that are left unassembled because of the IFN
response and subsequent recruitment of the immune system.
The examples studied here included the proteasomes (Fig. 6
and supplemental Table S4) and the ribosomes (Fig. 7 and
supplemental Table S4). IFNs regulate the expression and
activities of different proteins by altering posttranslational
modifications (23, 93) and by synthesis or degradation of
specific subunits (31). Identification of alterations in the sub-
unit compositions of protein complexes was followed through
isolation of protein complexes or full-proteome analyses while
looking for deviations from the stoichiometry of these subunits
(76, 77, 94). However, following the degradation schemes of
the surplus subunits before they are incorporated into the
protein complexes is very challenging because the degrada-
tion process is often too rapid to be followed through prote-
olysis intermediates. The current work overcame some of
these hurdles by combining MS-based proteomics and MHC
peptidomics technologies with dynamic SILAC, which enabled
large-scale analysis of the degradation of these proteins
through their easily detectable proteolysis products, that is,
DRIP or retiree MHC peptides (15, 69, 71). Yet, even this high-
throughput dynamic SILAC methodology may be biased to
the detection of DRiP peptides from more abundant protein
and peptides that are more rapidly synthesized, and more
rapidly degraded, and therefore can be detected in both their
light and heavy isotope forms above the threshold limits of the
mass spectrometer.

Previous studies on the HLA presentation of DRiP-derived
peptides have monitored selected DRIP peptides (65) and
even the entire DRiPome of untreated cells (15, 69, 71). These
studies concluded that indeed DRIiPs constitute a significant

part of the HLA peptidome. Although the effects of IFNs on the
HLA peptidome were studied in several large-scale analyses
(39, 58-63), this work is the first to follow the effect of IFNs on
the entire DRiPome by combining dynamic SILAC with large-
scale proteomics and HLA peptidomics analyses.

The presented findings demonstrated that IFN exposure
had a major effect on the DRiPome, as manifested by the
induced presentation of numerous new DRIP peptides,
alongside only minor effects on the presentation of retiree
peptides (Fig. 4A, and Table 1). This may be the result of
enrichment of the peptide ‘pool’ in the peptide-loading
compartment of the ER with degradation products of defec-
tive newly synthesized proteins. Alternatively, DRiPs may be
preferentially loaded on the MHC molecules in a dedicated
pathway or by specific IFN-regulated chaperones. However,
because both DRIP peptides and retiree peptides are loaded
on the same MHC alleles, it is unclear how the chaperones
could distinguish between the two. Compartmentalized
loading of DRIP ligands versus retiree ligands may also un-
derlie the observed shift in their relative distributions (95). The
presented experimental techniques were unable to distinguish
between loading occurring in different cellular compartments,
and further research is needed to resolve this question.
Interestingly, groups of extreme DRiPs from very fast
degrading proteins and extreme-retiree peptides from very
slow degrading proteins (supplemental Table S4) were noted
in the dynamic SILAC analysis. The extreme DRiPs and
extreme retirees detected here did not seem to derive from
specific cellular pathways. The same applied to the group of
transient DRiPs, which are HLA peptides identified as DRiPs
or retirees in the IFN-treated cells differently from the un-
treated cells (supplemental Table S4).

We have previously suggested that many DRIiP peptides are
disproportionally derived from surplus subunits of protein
complexes, such as the ribosome and CCT, in untreated cells
(15). Such surplus subunits are likely produced in excess of
their requirement for assembly of a protein complex and are
subsequently rapidly degraded. In IFN-treated or virus-
infected cells, such a phenomenon may be a side product of
the IFN response and may reflect a situation in which viral
proteins are left unincorporated into the virions and are sub-
sequently degraded and presented by the MHC. Alternatively,
the IFNs may induce the degradation of subsets of proteins as
part of their regulation of the cellular metabolism and facili-
tation of responding to viral infection. The data presented here
suggest that IFNs induce the expression of surplus orphan
subunit products, including some from the proteasomes and
the ribosomes (supplemental Table S4), even in the absence
of viral infection. A good example of presentation of HLA
peptides derived from surplus subunits is the presentation of
standard-proteasome DRIP peptides, observed here when the
IFN-induced newly expressed subunits of the immunopro-
teasome are preferred for incorporation into the mature pro-
teasomes leaving the corresponding standards proteasomes
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subunits unassembled and directed for degradation (Fig. 6A
and supplemental Table S3). The fact that no HLA peptides
(including DRIiPs or retirees) deriving from the immunopro-
teasome subunits were identified, despite their increased
expression following IFNs treatment (Fig. 6A and
supplemental Table S4), suggests that the preferential incor-
poration of the immunoproteasome subunits into the protea-
some scaffold (96) hardly leaves these subunits as surplus
unincorporated proteins for degradation, whereas it leaves a
surplus of standard-proteasome subunits that continue to be
synthesized after the IFN treatment (Fig. 6) because of ineffi-
cient shutdown of their synthesis but cannot be incorporated
into the proteasomes and need to be degraded. It should be
emphasized that both proteasome isoforms are expressed in
the cells during inflammation, with the immunoproteasome
estimated to constitute then up to 60% of the total protea-
some population (43). The standard-proteasome subunits
targeted for degradation are likely not defective but are excess
functional proteins and therefore may be more appropriately
referred to as orphan subunit products rather than DRIPs.
Although there was a low expression level of immunoprotea-
somes in the untreated cells (Fig. 6), close to half of the DRiP
peptides were still detected in the untreated cells (Table 1 and
supplemental Table S4), suggesting that the proteolytic ac-
tivities of both the standard proteasome and the immuno-
proteasome contribute similarly to the production of the DRIiP
peptides. In addition, the observation that downregulated
proteins, due to the IFN treatment, contribute excessively to
the DRiPome suggests that induction of active degradation of
some proteins by IFN treatments (supplemental Fig. S7) is part
of the cellular response mechanism to the viral infection and
IFN responses. Further studies are needed to address this
issue.

In untreated cells, the ribosomal DRiP peptides were
associated with high DRIP factors, relative to the other protein
complexes observed in this work (Fig. 5B). IFN exposure
elevated (by about twofold) the DRIiP factor values of the ri-
bosomal DRIP peptides, whereas no retiree peptides were
identified among the HLA peptides deriving from ribosomal
proteins (Fig. 5B and supplemental Table S4). While the ef-
fects of IFNs on ribosome subunits have been less studied,
the interactions of both 40S and 60S ribosomal proteins with
viruses have been studied extensively and determined to be
important in the translation of viral components needed for the
assembly of new virions (97-102). Modulation of ribosomal
protein synthesis and assembly in response to viral infection
(77, 94) provides a mechanism for preventing the assembly of
the 80S ribosome, which subsequently curbs the synthesis of
viral proteins. Another possibility is that during viral infection,
cells produce special types of ribosomes, called immunor-
ibosomes, with different subunit compositions (103, 104). It is
possible that IFNs also induce expression of such immunor-
ibosomes and therefore the unneeded subunits are degraded

and these immunoribosomes enhance the DRIP production
and the immune responses. In this study, both the 40S and
60S ribosomal subunits were similarly represented among the
high-DRiP-factor DRiPome in response to the IFNs
(supplemental Table S4), possibly as part of the cellular
scheme of limiting ribosomal function during viral infection.
Interestingly, two of the ribosomal proteins shown here to be
sources of DRIP peptides (RPL28 and RPL6) were also shown
before to be involved with DRIP enhancement and ubiquitin-
dependent MHC peptide presentation (65). The observation
in this study may indicate that these subunits are mis-
assembled into immunoribosomes after IFN treatment, and
subsequently degraded. In addition, about a third of the ri-
bosomal DRIP peptides identified here are derived from sub-
units known to interact with viruses and to be involved with the
virus infectious cycle (Table 2). Most of the ribosomal DRiP
peptides had high DRIP factors, possibly because their source
protein subunits are quickly degraded after IFN exposure to
cope with the viral infection. Other ribosomal proteins asso-
ciated with high DRIP peptides, identified in our study
(Table 2), are not known to interact with viruses. Interestingly,
high DRiP factor DRiP peptides (Table 2) were also derived
from proteins known to be associated with ribosomopathies
(105). It should be mentioned that ribosomal protein compo-
sition is dynamic and complex, allowing for ribosome
specialization, via translation regulation and adaptation to
stress (77, 94, 106). Further studies are needed to better un-
derstand the involvement of IFNs in the modulation of ribo-
somal protein subunits and subsequent synthesis of DRiP
peptides, and their role in the cellular responses to viral
infections.

DATA AVAILABILITY

The mass spectrometry data of the HLA peptidome and
proteomes (labeled and label-free) have been deposited to the
ProteomeXchange (http://proteomecentral.proteomexchange.
org) via the PRIDE partner repository (86), with the data set
identifier: PXD022633.

Supplemental data— This article contains supplemental data
(87).

Acknowledgments—The authors thank llana Navon and the
Smoler Proteomics Center, Technion, for performing the LC-
MS/MS analyses and Yehudit Posen for help with English
language editing. This work was supported by The Israel
Science Foundation (ISF 1435/16), and the I-CORE Program
of the Planning and Budgeting Committee and The Israel
Science Foundation (Grant No. 1775/12).

Author contributions—L. K., D. M. K., E. B., and A. A.
conceptualization; L. K. investigation; L. K., D. M. K., E. B., and

12 Mol Cell Proteomics (2021) 20 100105

SASBMB


http://proteomecentral.proteomexchange.org
http://proteomecentral.proteomexchange.org

The Effects of Interferons on the DRiPome

A. A. formal analysis; L. K., D. M. K., E. B., and A. A. writing—
original draft; L. K., D. M. K., and A. A. writing-review and
editing; A. A. supervision.

Conflict of interest—The authors declare no competing
interests.

Abbreviations—The abbreviations used are: CCT, chaper-
onin-containing T-complex; DRIiPs, defective ribosomal
products; ER, endoplasmic reticulum; H/L, heavy-to-light;
HLA, human leukocyte antigen; IFN, interferon; OSiPs, orphan
subunit products; SILAC, stable isotope labeling by amino
acids in cell culture; TAP, transporter associated with antigen
processing.

Received December 9, 2020, and in revised from, May 15, 2021
Published, MCPRO Papers in Press, June 1, 2021, https://doi.org/
10.1016/j.mcpro.2021.100105

REFERENCES

1. Neefjes, J., Jongsma, M. L. M. M., Paul, P., and Bakke, O. (2011) Towards
a systems understanding of MHC class | and MHC class Il antigen
presentation. Nat. Rev. Immunol. 11, 823-836

2. Rock, K. L., Reits, E., and Neefjes, J. (2016) Present yourself! By
MHC class | and MHC class Il molecules. Trends Immunol. 37,
724-737

3. Neefjes, J., and Ovaa, H. (2013) A peptide’s perspective on antigen pre-
sentation to the immune system. Nat. Chem. Biol. 9, 769-775

4. Blum, J. S., Wearsch, P. A., and Cresswell, P. (2013) Pathways of antigen
processing. Annu. Rev. Immunol. 31, 443-473

5. Yellen-Shaw, A. J., Laughlin, C. E., Metrione, R. M., and Eisenlohr, L. C.
(1997) Murine transporter associated with antigen presentation (TAP)
preferences influence class I-restricted T cell responses. J. Exp. Med.
186, 1655-1662

6. Eggensperger, S., and Tampé, R. (2015) The transporter associated with
antigen processing: A key player in adaptive immunity. Biol. Chem. 396,
1059-1072

7. Weimershaus, M., Evnouchidou, I., Saveanu, L., and van Endert, P. (2013)
Peptidases trimming MHC class | ligands. Curr. Opin. Immunol. 25, 90-96

8. Thomas, C., and Tampé, R. (2019) MHC | chaperone complexes shaping
immunity. Curr. Opin. Immunol. 58, 9-15

9. Yewdell, J. W., Antén, L. C., and Bennink, J. R. (1996) Defective ribosomal
products (DRiPs): A major source of antigenic peptides for MHC class |
molecules? J. Immunol. 157, 1823-1826

10. Yewdell, J. W., and Holly, J. (2020) DRiPs get molecular. Curr. Opin.
Immunol. 64, 130-136

11. Yewdell, J. W. (2011) DRiPs solidify: Progress in understanding
endogenous MHC class | antigen processing. Trends Immunol. 32,
548-558

12. Yewdell, J. W., Reits, E., and Neefjes, J. (2003) Making sense of mass
destruction: Quantitating MHC class | antigen presentation. Nat. Rev.
Immunol. 3, 952-961

13. Princiotta, M. F., Finzi, D., Qian, S.-B., Gibbs, J., Schuchmann, S., Butt-
gereit, F., Bennink, J. R., and Yewdell, J. W. (2003) Quantitating protein
synthesis, degradation, and endogenous antigen processing. Immunity
18, 343-354

14. Yewdell, J. W., and Princiotta, M. F. (2012) All roads lead to “ome™:
Defining the DRiPome. Blood 119, 6179-6180

15. Bourdetsky, D., Schmelzer, C. E. H., and Admon, A. (2014) The nature and
extent of contributions by defective ribosome products to the HLA
peptidome. Proc. Natl. Acad. Sci. U. S. A. 111, E1591-E1599

16. Shastri, N., Nguyen, V., and Gonzalez, F. (1995) Major histocompatibility
class | molecules can present cryptic translation products to T-cells. J.
Biol. Chem. 270, 1088-1091

17. Berglund, P., Finzi, D., Bennink, J. R., and Yewdell, J. W. (2007) Viral
alteration of cellular translational machinery increases defective ribo-
somal products. J. Virol. 81, 7220-7229

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

. Yang, N., Gibbs, J. S., Hickman, H. D., Reynoso, G. V., Ghosh, A. K,

Bennink, J. R., and Yewdell, J. W. (2016) Defining viral defective ribo-
somal products: Standard and alternative translation initiation events
generate a common peptide from influenza A virus M2 and M1 mRNAs.
J. Immunol. 196, 3608-3617

. Fetten, J. V., Roy, N., and Gilboa, E. (1991) A frameshift mutation at the

NH2 terminus of the nucleoprotein gene does not affect generation of
cytotoxic T lymphocyte epitopes. J. Immunol. 147, 2697-2705

Elliott, T., Bodmer, H., and Townsend, A. (1996) Recognition of out-of-
frame major histocompatibility complex class I-restricted epitopes
in vivo. Eur. J. Immunol. 26, 1175-1179

Bullock, T. N., and Eisenlohr, L. C. (1996) Ribosomal scanning past the
primary initiation codon as a mechanism for expression of CTL epitopes
encoded in alternative reading frames. J. Exp. Med. 184, 1319-1329

Zook, M. B., Howard, M. T., Sinnathamby, G., Atkins, J. F., and Eisenlohr,
L. C. (2006) Epitopes derived by incidental translational frameshifting
give rise to a protective CTL response. J. Immunol. 176, 6928-6934

Seifert, U., Bialy, L. P., Ebstein, F., Bech-Otschir, D., Voigt, A., Schréter, F.,
Prozorovski, T., Lange, N., Steffen, J., Rieger, M., Kuckelkorn, U.,
Aktas, O., Kloetzel, P.-M., and Kriger, E. (2010) Immunoproteasomes
preserve protein homeostasis upon interferon-induced oxidative stress.
Cell 142, 613-624

Apcher, S., Daskalogianni, C., Lejeune, F., Manoury, B., Imhoos, G.,
Heslop, L., and Fahraeus, R. (2011) Major source of antigenic peptides
for the MHC class | pathway is produced during the pioneer round of
mRNA translation. Proc. Natl. Acad. Sci. U. S. A. 108, 11572-11577

Dolan, B. P., Knowlton, J. J., David, A., Bennink, J. R., and Yewdell, J. W.
(2010) RNA polymerase Il inhibitors dissociate antigenic peptide gen-
eration from normal viral protein synthesis: A role for nuclear translation
in defective ribosomal product synthesis? J. Immunol. 185, 6728-6733

Yewdell, J. W., Schubert, U., and Bennink, J. R. (2001) At the crossroads of
cell biology and immunology: DRiPs and other sources of peptide li-
gands for MHC class | molecules. J. Cell Sci. 114, 845-851

Cambridge, S. B., Gnad, F., Nguyen, C., Bermejo, J. L., Krliger, M., and Mann,
M. (2011) Systems-wide proteomic analysis in mammalian cells reveals
conserved, functional protein turnover. J. Proteome Res. 10, 5275-5284

Yewdell, J. W. (2001) Not such a dismal science: The economics of protein
synthesis, folding, degradation and antigen processing. Trends Cell Biol.
11, 294-297

Schuren, A. B., Costa, A. I., and Wiertz, E. J. (2016) Recent advances in
viral evasion of the MHC class | processing pathway. Curr. Opin.
Immunol. 40, 43-50

Garcia-Sastre, A. (2017) Ten strategies of interferon evasion by viruses.
Cell Host Microbe 22, 176-184

Barrat, F. J., Crow, M. K., and Ivashkiv, L. B. (2019) Interferon target-gene
expression and epigenomic signatures in health and disease. Nat.
Immunol. 20, 1574-1583

Yan, N., and Chen, Z. J. (2012) Intrinsic antiviral immunity. Nat. Immunol.
13, 214-222

Ali, S., Mann-Nttel, R., Schulze, A., Richter, L., Alferink, J., and Scheu, S.
(2019) Sources of type | interferons in infectious immunity: Plasmacytoid
dendritic cells not always in the driver’s seat. Front. Immunol. 10, 778

Rusinova, I., Forster, S., Yu, S., Kannan, A., Masse, M., Cumming, H.,
Chapman, R., and Hertzog, P. J. (2013) Interferome v2.0: An updated
database of annotated interferon-regulated genes. Nucleic Acids Res.
41, D1040-D1046

Lee, A. J., and Ashkar, A. A. (2018) The dual nature of type | and type Il
interferons. Front. Immunol. 9, 2061

Parker, B. S., Rautela, J., and Hertzog, P. J. (2016) Antitumour actions of
interferons: Implications for cancer therapy. Nat. Rev. Cancer 16, 131-144

Hertzog, P. J., and Williams, B. R. G. (2013) Fine tuning type | interferon
responses. Cytokine Growth Factor Rev. 24, 217-225

Schroder, K., Hertzog, P. J., Ravasi, T., and Hume, D. A. (2004) Interferon-
gamma: An overview of signals, mechanisms and functions. J. Leukoc.
Biol. 75, 163-189

Komov, L., Kadosh, D. M., Barnea, E., Milner, E., Hendler, A., and Admon,
A. (2018) Cell surface MHC class | expression is limited by the avail-
ability of peptide-receptive “empty” molecules rather than by the supply
of peptide ligands. Proteomics 18, e1700248

Saric, T., Chang, S.-C., Hattori, A., York, I. A., Markant, S., Rock, K. L.,
Tsujimoto, M., and Goldberg, A. L. (2002) An IFN-gamma-induced

SASBMB

Mol Cell Proteomics (2021) 20 100105 13


http://doi.org/https://doi.org/10.1016/j.mcpro.2021.100105
http://doi.org/https://doi.org/10.1016/j.mcpro.2021.100105
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref1
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref1
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref1
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref2
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref2
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref2
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref3
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref3
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref4
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref4
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref5
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref5
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref5
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref5
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref6
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref6
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref6
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref6
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref7
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref7
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref8
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref8
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref8
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref9
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref9
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref9
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref9
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref10
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref10
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref11
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref11
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref11
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref12
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref12
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref12
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref13
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref13
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref13
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref13
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref14
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref14
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref15
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref15
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref15
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref16
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref16
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref16
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref17
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref17
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref17
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref18
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref18
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref18
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref18
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref18
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref19
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref19
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref19
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref20
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref20
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref20
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref21
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref21
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref21
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref22
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref22
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref22
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref23
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref23
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref23
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref23
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref23
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref24
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref24
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref24
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref24
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref25
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref25
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref25
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref25
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref26
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref26
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref26
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref27
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref27
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref27
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref28
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref28
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref28
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref29
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref29
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref29
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref30
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref30
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref31
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref31
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref31
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref32
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref32
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref33
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref33
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref33
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref34
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref34
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref34
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref34
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref35
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref35
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref36
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref36
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref37
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref37
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref38
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref38
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref38
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref39
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref39
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref39
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref39
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref40
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref40

The Effects of Interferons on the DRiPome

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

aminopeptidase in the ER, ERAP1, trims precursors to MHC class |-
presented peptides. Nat. Immunol. 3, 1169-1176

Serwold, T., Gonzalez, F., Kim, J., Jacob, R., and Shastri, N. (2002) ERAAP
customizes peptides for MHC class | molecules in the endoplasmic
reticulum. Nature 419, 480-483

Saveanu, L., Carroll, O., Lindo, V., Del Val, M., Lopez, D., Lepelletier, Y., Greer,
F., Schomburg, L., Fruci, D., Niedermann, G., and van Endert, P. M. (2005)
Concerted peptide timming by human ERAP1 and ERAP2 aminopeptidase
complexes in the endoplasmic reticulum. Nat. Immunol. 6, 689-697

Strehl, B., Seifert, U., Kruger, E., Heink, S., Kuckelkorn, U., Kloetzel, P.-M.
M., Kriger, E., Heink, S., Kuckelkorn, U., Kloetzel, P.-M. M., Kruger, E.,
Heink, S., Kuckelkorn, U., and Kloetzel, P.-M. M. (2005) Interferon-
gamma, the functional plasticity of the ubiquitin-proteasome system,
and MHC class | antigen processing. Immunol. Rev. 207, 19-30

Zhou, F. (2009) Molecular mechanisms of IFN-y to up-regulate MHC class |
antigen processing and presentation. Int. Rev. Immunol. 28, 239-260

Cetin, G., Klafack, S., Studencka-Turski, M., Kriiger, E., and Ebstein, F. (2021)
The ubiquitin-proteasome system in immune cells. Biomolecules 11, 1-23

Driscoll, J., Brown, M. G., Finley, D., and Monaco, J. J. (1993) MHC-linked
LMP gene products specifically alter peptidase activities of the pro-
teasome. Nature 365, 262-264

Kloetzel, P. M. (2001) Antigen processing by the proteasome. Nat. Rev.
Mol. Cell Biol. 2, 179-187

Gaczynska, M., Rock, K. L., and Goldberg, A. L. (1993) Gamma-interferon
and expression of MHC genes regulate peptide hydrolysis by protea-
somes. Nature 365, 264-267

Rock, K. L., Farfan-Arribas, D. J., and Shen, L. (2010) Proteases in MHC
class | presentation and cross-presentation. J. Immunol. 184, 9-15

Van Kaer, L., Ashton-Rickardt, P. G., Eichelberger, M., Gaczynska, M.,
Nagashima, K., Rock, K. L., Goldberg, A. L., Doherty, P. C., and Tone-
gawa, S. (1994) Altered peptidase and viral-specific T cell response in
LMP2 mutant mice. Immunity 1, 533-541

de Verteuil, D., Muratore-Schroeder, T. L., Granados, D. P., Fortier, M.-H.,
Hardy, M.-P., Bramoullé, A., Caron, E., Vincent, K., Mader, S., Lemieux,
S., Thibault, P., and Perreault, C. (2010) Deletion of immunoproteasome
subunits imprints on the transcriptome and has a broad impact on
peptides presented by major histocompatibility complex | molecules.
Mol. Cell. Proteomics 9, 2034-2047

Kincaid, E. Z., Che, J. W., York, |., Escobar, H., Reyes-Vargas, E., Del-
gado, J. C., Welsh, R. M., Karow, M. L., Murphy, A. J., Valenzuela, D. M.,
Yancopoulos, G. D., and Rock, K. L. (2011) Mice completely lacking
immunoproteasomes show major changes in antigen presentation. Nat.
Immunol. 13, 129-135

Kruger, E., and Kloetzel, P.-M. (2012) Immunoproteasomes at the interface
of innate and adaptive immune responses: Two faces of one enzyme.
Curr. Opin. Immunol. 24, 77-83

Vigneron, N., Abi Habib, J., and Van den Eynde, B. J. (2017) Learning from
the proteasome how to fine-tune cancer immunotherapy. Trends Cancer
3, 726-741

Kalaora, S., Lee, J. S., Barnea, E., Levy, R., Greenberg, P., Alon, M., Yagel,
G., Bar Eli, G., Oren, R., Peri, A., Patkar, S., Bitton, L., Rosenberg, S. A,,
Lotem, M., Levin, Y., et al. (2020) Immunoproteasome expression is
associated with better prognosis and response to checkpoint therapies
in melanoma. Nat. Commun. 11, 896

Nagano, K., Masters, J. R., Akpan, A., Yang, A., Corless, S., Wood, C.,
Hastie, C., Zvelebil, M., Cramer, R., and Naaby-Hansen, S. (2004) Dif-
ferential protein synthesis and expression levels in normal and
neoplastic human prostate cells and their regulation by type | and Il
interferons. Oncogene 23, 1693-1703

Megger, D. A., Philipp, J., Le-Trilling, V. T. K., Sitek, B., and Trilling, M.
(2017) Deciphering of the human interferon-regulated proteome by mass
spectrometry-based quantitative analysis reveals extent and dynamics
of protein induction and repression. Front. Immunol. 8, 1139

Arellano-Garcia, M. E., Misuno, K., Tran, S. D., and Hu, S. (2014) Interferon-y
induces immunoproteasomes and the presentation of MHC I-associated
peptides on human salivary gland cells. PLoS One 9, 102878

Chong, C., Marino, F., Pak, H. H.-S., Racle, J., Daniel, R. T., Muller, M.,
Gfeller, D., Coukos, G., and Bassani-Sternberg, M. (2018) High-
throughput and sensitive immunopeptidomics platform reveals pro-
found interferony-mediated remodeling of the human leukocyte antigen
(HLA) ligandome. Mol. Cell. Proteomics 17, 533-548

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Javitt, A., Barnea, E., Kramer, M. P., Wolf-Levy, H., Levin, Y., Admon, A,,
and Merbl, Y. (2019) Pro-inflammatory cytokines alter the immuno-
peptidome landscape by modulation of HLA-B expression. Front.
Immunol. 10, 141

Newey, A., Griffiths, B., Michaux, J., Pak, H. S., Stevenson, B. J.,
Woolston, A., Semiannikova, M., Spain, G., Barber, L. J., Matthews,
N., Rao, S., Watkins, D., Chau, I., Coukos, G., Racle, J., et al. (2019)
Immunopeptidomics of colorectal cancer organoids reveals a sparse
HLA class | neoantigen landscape and no increase in neoantigens
with interferon or MEK-inhibitor treatment. J. Immunother. Cancer 7,
309

Faridi, P., Woods, K., Ostrouska, S., Deceneux, C., Aranha, R., Duscharla,
D., Wong, S. Q., Chen, W., Ramarathinam, S. H., Lim Kam Sian, T. C. C.,
Croft, N. P., Li, C., Ayala, R., Cebon, J. S., Purcell, A. W., et al. (2020)
Spliced peptides and cytokine-driven changes in the immunopeptidome
of melanoma. Cancer Immunol. Res. 8, 1322-1334

Goncalves, G., Mullan, K. A., Duscharla, D., Ayala, R., Croft, N. P., Faridi,
P., Purcell, A. W., Lill, J., Spiljar, M., Purcell AnthonyPurcell, A. W., and
Pouya Faridi, M. (2021) IFNy modulates the immunopeptidome of triple
negative breast cancer cells by enhancing and diversifying antigen
processing and presentation. Front. Immunol. 12, 1

Olsson, N., Heberling, M. L., Zhang, L., Jhunjhunwala, S., Phung, Q. T.,
Lin, S., Anania, V. G, Lill, J. R., and Elias, J. E. (2021) An integrated
genomic, proteomic, and immunopeptidomic approach to discover
treatment-induced neoantigens. Front. Immunol. 12, 662443

Wei, J., Kishton, R. J., Angel, M., Conn, C. S., Dalla-Venezia, N., Marcel, V.,
Vincent, A., Catez, F., Ferré, S., Ayadi, L., Marchand, V., Dersh, D.,
Gibbs, J. S., Ivanov, I. P., Fridlyand, N., et al. (2019) Ribosomal proteins
regulate MHC class | peptide generation for immunosurveillance. Mol.
Cell 73, 1162-1173.e5

Wei, J., Zanker, D., Di Carluccio, A. R., Smelkinson, M. G., Takeda, K.,
Seedhom, M. O, Dersh, D., Gibbs, J. S., Yang, N., Jadhav, A., Chen, W.,
and Yewdell, J. W. (2017) Varied role of ubiquitylation in generating MHC
class | peptide ligands. J. Immunol. 198, 3835-3845

Croft, N. P., Smith, S. A, Wong, Y. C., Tan, C. T., Dudek, N. L., Flesch, I. E.
A. A, Lin, L. C. W. W,, Tscharke, D. C., and Purcell, A. W. (2013) Kinetics
of antigen expression and epitope presentation during virus infection.
PLoS Pathog. 9, e1003129

Pratt, J. M., Petty, J., Riba-Garcia, |., Robertson, D. H. L., Gaskell, S. J.,
Oliver, S. G., and Beynon, R. J. (2002) Dynamics of protein turnover, a
missing dimension in proteomics. Mol. Cell. Proteomics 1, 579-591

Milner, E., Barnea, E., Beer, |., and Admon, A. (2006) The turnover kinetics
of major histocompatibility complex peptides of human cancer cells.
Mol. Cell. Proteomics 5, 357-365

Marcilla, M., Cragnolini, J. J., and Lépez de Castro, J. A. (2007) Protea-
some-independent HLA-B27 ligands arise mainly from small basic
proteins. Mol. Cell. Proteomics 6, 923-938

Milner, E., Gutter-Kapon, L., Bassani-Strenberg, M., Barnea, E., Beer, |.,
and Admon, A. (2013) The effect of proteasome inhibition on the gen-
eration of the human leukocyte antigen (HLA) peptidome. Mol. Cell.
Proteomics 12, 1853-1864

Garcia-Medel, N., Sanz-Bravo, A., Barnea, E., Admon, A., and Lépez de
Castro, J. A. (2012) The origin of proteasome-inhibitor resistant HLA
class | peptidomes: A study with HLA-A*68:01. Mol. Cell. Proteomics 11.
M111.011486

Wheatley, D. N., Giddings, M. R., and Inglis, M. S. (1980) Kinetics of
degradation of “short-" and “long-lived” proteins in cultured mammalian
cells. Cell Biol. Int. Rep. 4, 1081-1090

Schubert, U., Antén, L. C., Gibbs, J., Norbury, C. C., Yewdell, J. W., and
Bennink, J. R. (2000) Rapid degradation of a large fraction of newly
synthesized proteins by proteasomes. Nature 404, 770-774

Wang, F., Durfee, L. A., and Huibregtse, J. M. (2013) A cotranslational
ubiquitination pathway for quality control of misfolded proteins. Mol.
Cell 50, 368-378

Schwanhé&usser, B., Busse, D., Li, N., Dittmar, G., Schuchhardt, J., Wolf,
J., Chen, W., and Selbach, M. (2011) Global quantification of mammalian
gene expression control. Nature 473, 337-342

Jovanovic, M., Rooney, M. S., Mertins, P., Przybylski, D., Chevrier, N.,
Satija, R., Rodriguez, E. H., Fields, A. P., Schwartz, S., Raychowdhury,
R., Mumbach, M. R., Eisenhaure, T., Rabani, M., Gennert, D., Lu, D.,

14

Mol Cell Proteomics (2021) 20 100105

SASBMB


http://refhub.elsevier.com/S1535-9476(21)00078-5/sref40
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref40
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref41
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref41
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref41
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref42
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref42
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref42
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref42
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref43
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref43
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref43
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref43
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref43
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref44
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref44
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref44
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref45
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref45
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref46
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref46
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref46
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref47
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref47
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref48
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref48
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref48
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref49
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref49
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref49
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref50
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref50
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref50
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref50
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref51
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref51
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref51
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref51
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref51
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref51
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref51
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref52
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref52
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref52
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref52
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref52
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref53
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref53
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref53
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref54
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref54
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref54
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref55
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref55
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref55
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref55
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref55
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref56
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref56
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref56
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref56
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref56
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref57
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref57
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref57
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref57
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref58
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref58
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref58
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref59
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref59
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref59
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref59
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref59
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref59
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref60
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref60
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref60
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref60
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref61
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref61
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref61
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref61
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref61
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref61
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref61
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref62
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref62
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref62
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref62
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref62
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref63
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref63
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref63
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref63
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref63
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref63
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref64
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref64
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref64
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref64
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref65
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref65
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref65
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref65
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref65
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref65
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref66
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref66
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref66
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref66
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref67
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref67
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref67
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref67
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref68
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref68
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref68
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref69
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref69
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref69
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref70
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref70
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref70
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref70
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref71
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref71
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref71
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref71
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref72
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref72
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref72
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref72
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref72
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref73
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref73
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref73
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref74
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref74
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref74
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref74
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref75
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref75
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref75
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref76
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref76
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref76
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref77
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref77
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref77

The Effects of Interferons on the DRiPome

78.

79.

80.

81.

82.

83.

84,

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

et al. (2015) Immunogenetics. Dynamic profiling of the protein life cycle
in response to pathogens. Science 347, 1259038

Ross, A. B., Langer, J. D., and Jovanovic, M. (2020) Proteome turnover in
the spotlight: Approaches, applications, and perspectives. Mol. Cell.
Proteomics 20, 100016

Barnstable, C. J., Bodmer, W. F., Brown, G., Galfre, G., Milstein, C., Wil-
liams, A. F., and Ziegler, A. (1978) Production of monoclonal antibodies
to group A erythrocytes, HLA and other human cell surface antigens-
new tools for genetic analysis. Cell 14, 9-20

Hunt, D. F., Henderson, R. A., Shabanowitz, J., Sakaguchi, K., Michel, H.,
Sevilir, N., Cox, A. L., Appella, E., and Engelhard, V. H. (1992) Charac-
terization of peptides bound to the class | MHC molecule HLA-A2.1 by
mass spectrometry. Science 255, 1261-1263

Rappsilber, J., Ishihama, Y., and Mann, M. (2003) Stop and go extraction tips
for matrix-assisted laser desorption/ionization, nanoelectrospray, and
LC/MS sample pretreatment in proteomics. Anal. Chem. 75, 663-670

Shevchenko, A., Tomas, H., Havlis, J., Olsen, J. V., and Mann, M. (2006)
In-gel digestion for mass spectrometric characterization of proteins and
proteomes. Nat. Protoc. 1, 2856-2860

Ishihama, Y., Rappsilber, J., Andersen, J. S., and Mann, M. (2002)
Microcolumns with self-assembled particle frits for proteomics. J.
Chromatogr. A 979, 233-239

Cox, J., and Mann, M. (2008) MaxQuant enables high peptide identification
rates, individualized p.p.b.-range mass accuracies and proteome-wide
protein quantification. Nat. Biotechnol. 26, 1367-1372

Cox, J., Neuhauser, N., Michalski, A., Scheltema, R. A., Olsen, J. V., and
Mann, M. (2011) Andromeda: A peptide search engine integrated into
the MaxQuant environment. J. Proteome Res. 10, 1794-1805

Vizcaino, J. A., Csordas, A., Del-Toro, N., Dianes, J. A., Griss, J., Lavidas,
l., Mayer, G., Perez-Riverol, Y., Reisinger, F., Ternent, T., Xu, Q.-W.,
Wang, R., and Hermjakob, H. (2016) 2016 Update of the PRIDE data-
base and its related tools. Nucleic Acids Res. 44, D447-D456

Andreatta, M., and Nielsen, M. (2016) Gapped sequence alignment using
artificial neural networks: Application to the MHC class | system. Bio-
informatics 32, 511-517

Tyanova, S., Temu, T., Sinitcyn, P., Carlson, A., Hein, M. Y., Geiger, T.,
Mann, M., and Cox, J. (2016) The Perseus computational platform for
comprehensive analysis of (prote)omics data. Nat. Methods 13, 731-740

Kyte, J., and Doolittle, R. F. (1982) A simple method for displaying the
hydropathic character of a protein. J. Mol. Biol. 157, 105-132

Rock, K. L., and Goldberg, A. L. (1999) Degradation of cell proteins and the
generation of MHC class I-presented peptides. Annu. Rev. Immunol. 17,
739-779

Hoffmann, H.-H., Schneider, W. M., and Rice, C. M. (2015) Interferons and
viruses: An evolutionary arms race of molecular interactions. Trends
Immunol. 36, 124-138

Su, X., Yu, Y., Zhong, Y., Giannopoulou, E. G., Hu, X., Liu, H., Cross, J. R.,
Ratsch, G., Rice, C. M., and Ivashkiv, L. B. (2015) Interferon-y regulates
cellular metabolism and mRNA translation to potentiate macrophage
activation. Nat. Immunol. 16, 838-849

Ivashkiv, L. B., and Donlin, L. T. (2014) Regulation of type | interferon re-
sponses. Nat. Rev. Immunol. 14, 36-49

Petelski, A. A., and Slavov, N. (2020) Analyzing ribosome remodeling in
health and disease. Proteomics 20, e2000039

Yewdell, J. W., Dersh, D., and Fahraeus, R. (2019) Peptide channeling: The
key to MHC class | immunosurveillance? Trends Cell Biol. 29, 929-939

Heink, S., Ludwig, D., Kloetzel, P.-M., and Kruger, E. (2005) IFN-gamma-
induced immune adaptation of the proteasome system is an accelerated
and transient response. Proc. Natl. Acad. Sci. U. S. A. 102, 9241-9246

Lee, K.-M., Wu, C.-C., Wu, S.-E., Lin, Y.-H., Wang, L.-T., Chang, C.-R.,
Huang, P.-N., Shih, S.-R., and Kuo, R.-L. (2020) The RNA-dependent
RNA polymerase of enterovirus A71 associates with ribosomal pro-
teins and positively regulates protein translation. RNA Biol. 17, 608-622

Shi, Z., Fuijii, K., Kovary, K. M., Genuth, N. R., Rést, H. L., Teruel, M. N.,
and Barna, M. (2017) Heterogeneous ribosomes preferentially translate
distinct subpools of mMRNAs genome-wide. Mol. Cell 67, 71-83.e7

El Mekdad, H., Boutant, E., Karnib, H., Biedma, M. E., Sharma, K. K.,
Malytska, I., Laumond, G., Roy, M., Réal, E., Paillart, J.-C., Moog, C.,
Darlix, J. L., Mély, Y., and de Rocquigny, H. (2016) Characterization of

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111,

112.

113.

114.

the interaction between the HIV-1 Gag structural polyprotein and the
cellular ribosomal protein L7 and its implication in viral nucleic acid
remodeling. Retrovirology 13, 54

Cervantes-Salazar, M., Angel-Ambrocio, A. H., Soto-Acosta, R., Bautista-
Carbajal, P., Hurtado-Monzon, A. M., Alcaraz-Estrada, S. L., Ludert, J.
E., and Del Angel, R. M. (2015) Dengue virus NS1 protein interacts with
the ribosomal protein RPL18: This interaction is required for viral
translation and replication in Huh-7 cells. Virology 484, 113-126

Singleton, R. S., Liu-Yi, P., Formenti, F., Ge, W., Sekirnik, R., Fischer, R.,
Adam, J., Pollard, P. J., Wolf, A., Thalhammer, A., Loenarz, C., Flash-
man, E., Yamamoto, A., Coleman, M. L., Kessler, B. M., et al. (2014)
OGFOD1 catalyzes prolyl hydroxylation of RPS23 and is involved in
translation control and stress granule formation. Proc. Natl. Acad. Sci.
U. S. A. 111, 4031-4036

Pham, T. H., Gao, X., Singh, G., and Hardwidge, P. R. (2013) Escherichia
coli virulence protein NleH1 interaction with the v-Crk sarcoma virus
CT10 oncogene-like protein (CRKL) governs NleH1 inhibition of the ri-
bosomal protein S3 (RPS3)/nuclear factor kB (NF-xB) pathway. J. Biol.
Chem. 288, 34567-34574

Yewdell, J. W., and Nicchitta, C. V. (2006) The DRiP hypothesis decennial:
Support, controversy, refinement and extension. Trends Immunol. 27,
368-373

Wei, J., and Yewdell, J. W. (2019) Immunoribosomes: Where’'s there’s fire,
there’s fire. Mol. Immunol. 113, 38-42

Aubert, M., O’'Donohue, M.-F., Lebaron, S., and Gleizes, P.-E. (2018) Pre-
ribosomal RNA processing in human cells: From mechanisms to
congenital diseases. Biomolecules 8, 123

Sung, M.-K., Porras-Yakushi, T. R., Reitsma, J. M., Huber, F. M., Swer-
edoski, M. J., Hoelz, A., Hess, S., and Deshaies, R. J. (2016)
A conserved quality-control pathway that mediates degradation of un-
assembled ribosomal proteins. Elife 5, e19105

Landowski, M., O’Donohue, M. F., Buros, C., Ghazvinian, R., Montel-
Lehry, N., Vlachos, A., Sieff, C. A., Newburger, P. E., Niewiadomska, E.,
Matysiak, M., Glader, B., Atsidaftos, E., Lipton, J. M., Beggs, A. H.,
Gleizes, P. E., et al. (2013) Novel deletion of RPL15 identified by array-
comparative genomic hybridization in Diamond-Blackfan anemia. Hum.
Genet. 132, 1265-1274

Gazda, H. T., Preti, M., Sheen, M. R., O’Donohue, M. F., Vlachos, A.,
Davies, S. M., Kattamis, A., Doherty, L., Landowski, M., Buros, C.,
Ghazvinian, R., Sieff, C. A., Newburger, P. E., Niewiadomska, E.,
Matysiak, M., et al. (2012) Frameshift mutation in p53 regulator RPL26 is
associated with multiple physical abnormalities and a specific pre-
ribosomal RNA processing defect in Diamond-Blackfan anemia. Hum.
Mutat. 33, 1037-1044

Farrar, J. E., Quarello, P., Fisher, R., O'Brien, K. A., Aspesi, A., Parrella, S.,
Henson, A. L., Seidel, N. E., Atsidaftos, E., Prakash, S., Bari, S., Garelli,
E., Arceci, R. J., Dianzani, |., Ramenghi, U., et al. (2014) Exploiting pre-
rRNA processing in Diamond Blackfan anemia gene discovery and
diagnosis. Am. J. Hematol. 89, 985-991

Ikeda, F., Yoshida, K., Toki, T., Uechi, T., Ishida, S., Nakajima, Y., Sasa-
hara, Y., Okuno, Y., Kanezaki, R., Terui, K., Kamio, T., Kobayashi, A.,
Fuijita, T., Sato-Otsubo, A., Shiraishi, Y., et al. (2017) Exome sequencing
identified RPS15A as a novel causative gene for Diamond-Blackfan
anemia. Haematologica 102, e93-e96

Gazda, H. T., Sheen, M. R., Vlachos, A., Choesmel, V., O’'Donohue, M. F.,
Schneider, H., Darras, N., Hasman, C., Sieff, C. A., Newburger, P. E.,
Ball, S. E., Niewiadomska, E., Matysiak, M., Zaucha, J. M., Glader, B.,
et al. (2008) Ribosomal protein L5 and L11 mutations are associated
with cleft palate and abnormal thumbs in diamond-blackfan anemia
patients. Am. J. Hum. Genet. 83, 769-780

Cmejla, R., Cmejlova, J., Handrkova, H., Petrak, J., and Pospisilova, D.
(2007) Ribosomal protein S17 gene (RPS17) is mutated in Diamond-
Blackfan anemia. Hum. Mutat. 28, 1178-1182

Song, M. J., Yoo, E. H,, Lee, K. O., Kim, G. N., Kim, H. J., Kim, S. Y., and
Kim, S. H. (2010) A novel initiation codon mutation in the ribosomal
protein S17 gene (RPS17) in a patient with Diamond-Blackfan anemia.
Pediatr. Blood Cancer 54, 629-631

Konno, Y., Toki, T., Tandai, S., Xu, G., Wang, R. N., Terui, K., Ohga, S.,
Hara, T., Hama, A., Kojima, S., Hasegawa, D., Kosaka, Y., Yanagisawa,

SASBMB

Mol Cell Proteomics (2021) 20 100105 15


http://refhub.elsevier.com/S1535-9476(21)00078-5/sref77
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref77
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref78
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref78
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref78
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref79
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref79
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref79
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref79
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref80
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref80
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref80
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref80
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref81
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref81
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref81
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref82
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref82
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref82
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref83
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref83
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref83
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref84
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref84
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref84
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref85
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref85
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref85
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref86
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref86
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref86
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref86
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref87
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref87
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref87
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref88
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref88
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref88
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref89
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref89
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref90
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref90
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref90
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref91
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref91
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref91
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref92
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref92
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref92
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref92
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref92
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref93
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref93
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref94
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref94
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref95
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref95
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref96
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref96
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref96
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref97
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref97
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref97
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref97
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref98
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref98
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref98
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref99
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref99
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref99
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref99
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref99
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref99
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref99
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref99
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref100
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref100
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref100
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref100
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref100
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref101
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref101
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref101
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref101
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref101
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref101
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref102
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref102
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref102
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref102
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref102
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref102
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref102
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref103
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref103
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref103
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref104
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref104
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref105
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref105
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref105
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref106
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref106
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref106
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref106
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref107
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref107
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref107
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref107
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref107
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref107
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref108
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref108
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref108
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref108
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref108
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref108
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref108
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref109
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref109
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref109
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref109
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref109
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref110
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref110
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref110
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref110
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref110
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref111
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref111
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref111
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref111
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref111
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref111
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref112
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref112
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref112
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref113
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref113
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref113
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref113
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref114
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref114

The Effects of Interferons on the DRiPome

R., Koike, K., Kanai, R., et al. (2010) Mutations in the ribosomal protein
genes in Japanese patients with Diamond-Blackfan anemia. Haemato-
logica 95, 1293-1299

115. Farrar, J. E., Vlachos, A., Atsidaftos, E., Carlson-Donohoe, H., Markello, T.
C., Arceci, R. J., Ellis, S. R., Lipton, J. M., and Bodine, D. M. (2011)
Ribosomal protein gene deletions in Diamond-Blackfan anemia. Blood
118, 6943-6951

116. Paolini, N. A., Attwood, M., Sondalle, S. B., Vieira, C. M. D. S., van Adri-
chem, A. M., di Summa, F. M., O’'Donohue, M. F., Gleizes, P. E.,
Rachuri, S., Briggs, J. W., Fischer, R., Ratcliffe, P. J., Wlodarski, M. W.,
Houtkooper, R. H., von Lindern, M., et al. (2017) A ribosomopathy re-
veals decoding defective ribosomes driving human dysmorphism. Am.
J. Hum. Genet. 100, 506-522

117. Lim, K. H., Kim, K. H., Choi, S. Il, Park, E. S., Park, S. H., Ryu, K., Park, Y.
K., Kwon, S. Y., Yang, S. I, Lee, H. C., Sung, I. K., and Seong, B. L.
(2011) RPS3a over-expressed in HBV-associated hepatocellular carci-
noma enhances the HBx-induced NF-kB signaling via its novel
chaperoning function. PLoS One 6, e22258

118. Yuhashi, K., Ohnishi, S., Kodama, T., Koike, K., and Kanamori, H. (2014)
In vitro selection of the 3’-untranslated regions of the human liver mRNA
that bind to the HCV nonstructural protein 5B. Virology 450-451, 13-23

119.

120.

121.

122.

123.

Wang, R., Yoshida, K., Toki, T., Sawada, T., Uechi, T., Okuno, Y., Sato-
Otsubo, A., Kudo, K., Kamimaki, |., Kanezaki, R., Shiraishi, Y., Chiba, K.,
Tanaka, H., Terui, K., Sato, T., et al. (2015) Loss of function mutations in
RPL27 and RPS27 identified by whole-exome sequencing in Diamond-
Blackfan anaemia. Br. J. Haematol. 168, 854-864

Smetanina, N. S., Mersiyanova, I. V., Kurnikova, M. A., Ovsyannikova, G.
S., Hachatryan, L. A., Bobrynina, V. O., Maschan, M. A., Novichkova, G.
A., Lipton, J. M., and Maschan, A. A. (2015) Clinical and genomic het-
erogeneity of Diamond Blackfan anemia in the Russian Federation.
Pediatr. Blood Cancer 62, 1597-1600

Ichimura, T., Yoshida, K., Okuno, Y., Yuijiri, T., Nagai, K., Nishi, M., Shir-
aishi, Y., Ueno, H., Toki, T., Chiba, K., Tanaka, H., Muramatsu, H., Hara,
T., Kanno, H., Kojima, S., et al. (2017) Diagnostic challenge of Diamond-
Blackfan anemia in mothers and children by whole-exome sequencing.
Int. J. Hematol. 105, 515-520

Pandey, V., and Kumar, V. (2015) Stabilization of SIRT7 deacetylase by
viral oncoprotein HBx leads to inhibition of growth restrictive RPS7 gene
and facilitates cellular transformation. Sci. Rep. 5, 14806

Bai, Y., Zhou, K., and Doudna, J. A. (2013) Hepatitis C virus 3'UTR regu-
lates viral translation through direct interactions with the host translation
machinery. Nucleic Acids Res. 41, 7861-7874

16 Mol Cell Proteomics (2021) 20 100105

SASBMB


http://refhub.elsevier.com/S1535-9476(21)00078-5/sref114
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref114
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref114
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref115
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref115
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref115
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref115
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref116
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref116
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref116
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref116
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref116
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref116
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref117
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref117
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref117
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref117
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref117
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref117
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref118
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref118
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref118
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref119
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref119
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref119
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref119
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref119
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref120
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref120
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref120
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref120
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref120
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref121
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref121
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref121
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref121
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref121
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref122
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref122
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref122
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref123
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref123
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref123
http://refhub.elsevier.com/S1535-9476(21)00078-5/sref123

	The Effect of Interferons on Presentation of Defective Ribosomal Products as HLA Peptides
	Experimental Procedures
	Cell Culture
	Dynamic SILAC Labeling With Heavy Isotope–Labeled Amino Acids (Leu+7, Arg+10, Lys+8) in IFN-Treated Cells
	Experimental Design and Statistical Rationale
	Antibodies
	Immunoaffinity Purification of HLA Complexes
	Trypsin Digestion of the Proteins
	HLA Peptide and Tryptic Peptide Identification
	Data Analysis
	Data Filtration
	Defining Peptides as DRiPs or Retirees

	Results
	IFNs Affected the DRiP More Than the Retiree Peptides
	IFN Exposure Leads to the Presentation of DRiP Peptides With Higher DRiP Factors
	Surplus Subunits Induced by the IFN Treatments Are Major Contributors of Ligands to the DRiPome
	After IFN Exposure, the Standard Proteasome Contributes DRiP Peptides With Higher DRiP Factors Than the Immunoproteasome
	The Highest DRiP Factor Peptides Were Derived From Ribosomal Proteins
	IFN-Induced DRiP Peptides Are Derived From the Entire Length of Their Source Proteins

	Discussion
	Data Availability
	Supplemental data
	Author contributions
	References


