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Abstract

Translated regions distinct from annotated coding sequences have emerged as essential elements
of the proteome. This includes upstream open reading frames (UORFS) present in mMRNAS
controlled by the integrated stress response (ISR) that show “privileged” translation despite
inhibited eukaryotic initiation factor 2-guanosine triphosphate—initiator methionyl transfer RNA
(elF2-GTP-Met-tRNA;MeY). We developed tracing translation by T cells to directly measure the
translation products of uORFs during the ISR. We identified signature translation events from
UORFs in the 5" untranslated region of binding immunoglobulin protein (BiP) mRNA (also called
heat shock 70-kilodalton protein 5SmRNA) that were not initiated at the start codon AUG. BiP
expression during the ISR required both the alternative initiation factor elF2A and non-AUG-
initiated UORFs. We propose that persistent uUORF translation, for a variety of chaperones, shelters
select mMRNAs from the ISR, while simultaneously generating peptides that could serve as major
histocompatibility complex class I ligands, marking cells for recognition by the adaptive immune
system.

Homeostatic mechanisms facilitate adaptation to a variety of environmental conditions and
cellular dysfunction. The integrated stress response (ISR) is one such mechanism, triggered
when cells encounter an array of stress stimuli. These stimuli include misfolded proteins,
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which elicit the unfolded protein response (UPR) and thereby activate the endoplasmic
reticulum (ER)-resident kinase (PERK) (1-3). In addition, three related kinases are activated
by other stimuli, such as the interferon-induced double-stranded RNA (dsRNA)-dependent
elF2a kinase (PKR) (by viral infection) (4, 5); the general control nonderepressible 2
(GCN2) (by amino acid deprivation) (6); and the hemeregulated inhibitor kinase (HRI) (by
heme deficiency, oxidative stress, heat shock, or osmotic shock) (7). Each of these conserved
kinases initiate the ISR by phosphorylating the same single residue (Ser51) on the a subunit
of eukaryotic initiation factor 2a (elF2a) and down-regulate translation initiation at AUG
start codons by the eukaryotic initiation factor 2—guanosine triphosphate (GTP)-initiator
methionyl transfer RNA (tRNA) (elF2-GTP-Met-tRNA;MeY) ternary complex.
Phosphorylation of elF2a (elF2a-P) inhibits exchange of guanosine diphosphate for GTP by
elF2B, the dedicated elF2 guanine nucleotide exchange factor, which causes inhibition of
total protein synthesis (8). The blockade in translation is important for cell survival and the
eventual switch into apoptosis if homeostasis cannot be reestablished.

Although elF2a-P limits global translation, it is required for the regulated expression of
several proteins, such as activating transcription factor 4 (ATF4 or CREB-2) (9-11) and
C/EBP homologous protein (12, 13), that finely tune cell survival (14). These ISR-induced
proteins are translated from mRNAs and harbor a series of upstream open reading frames
(UORFs) in the 5 untranslated region (5" UTR) that limit ribosome access to the main
coding sequence (CDS), as first characterized in the budding yeast Saccharomyces
cerevisiae (15). According to the prevailing model, under normal growth conditions,
ribosome initiation occurs predominantly at uORFs, which prevents access to the
downstream CDS. By contrast, when the ISR is induced and elF2a-P levels rise, stochastic
ribosome bypass of the uORFs allows access to the downstream CDS AUG start codon.

Another subset of MRNAs remains efficiently translated during the ISR. These include
mMRNAs encoding heat shock and UPR proteins (1, 16-18) and a variety of inflammatory
cytokines in response to viral (19, 20) and bacterial (21) pathogens. In the context of the
UPR, for example, translation of mRNAs encoding ER chaperones is imperative to alleviate
ER stress. BiP [immunoglobulin heavy chain—binding protein, also known as heat shock 70
kD protein (HSP70), heat shock protein family A member 5 (HSPAS), or glucose-regulated
protein 78] is an essential HSP70-type chaperone in the ER and is expressed persistently
during ER stress (22-24). It plays a role in cancer progression (25) and is a therapeutic
target for a variety of diseases (26, 27). Yet, it has remained a mystery how BiP and other
stress-response mMRNAs escape translational down-regulation imposed by the ISR. Elements
in the 5" UTRs, including internal ribosome entry sites (IRESs), uORFs, and nucleotide
modifications, have all been suggested to confer translational privilege to these mMRNAs (28,
29).

Recent genome-wide approaches predict that nearly half of all mammalian mMRNAs harbor
UORFs in their 5" UTRs, and many are initiated with non-AUG start codons (30-34). The
presence of UORFs in 5 UTRs may reflect a general mechanism to regulate downstream
CDS expression, such as proto-oncogenes and growth factors (30), as well as other disease-
causing proteins (35), including hereditary thrombocythemia (36-38). Given the abundance
of UORFs and their potential for regulatory roles, as well as the emerging plethora of short
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open reading frames (SORFs) (39-41) with bioactive properties (42), we developed a
method to measure translation from RNA regions outside of annotated CDSs systematically.

Development of tracing translation by T cells (3T) to measure translation
outside of annotated coding sequences

Ribosome-profiling experiments reveal that mMRNASs encoding stress-response proteins
harbor a particularly high abundance of uORFs (43, 44). Yet, despite the thousands of
peptides predicted by ribosome profiling to be translated from uORFs, very few uORF
peptides have been identified by mass spectrometry (45). Currently, there is considerable
effort to improve proteomic approaches for the detection of peptides from uORFs and other
SORFs (39). Here, we exploited the exquisite sensitivity and specificity of T cells to detect
such translation products.

We developed an approach, termed 3T, where cells are supplied with DNA vectors
containing noncoding RNA elements, such as 5’ UTRs, harboring sequences that encode
tracer peptides (Fig. 1A). If the resulting RNA is translated, cells proteolytically process the
translated polypeptides. The resulting peptides are then transported by the transporter
associated with antigen processing (TAP) into the ER. In the ER, the peptides (also called
antigens) are loaded onto major histocompatibility complex class | (MHC I) molecules and
displayed on the cell surface. We assessed presentation of the translated tracer peptide by
MHC I by addition of a peptide-MHC I-cognate T cell hybridoma, engineered to express
LacZ from the interleukin 2 (IL-2) promoter under control of the A-FAT enhancer (46).
Engagement with tracer peptide—loaded MHC I cells triggered LacZ expression, which
resulted in production of its translation product, 3-galactosidase. We detected [3-
galactosidase using its substrate, chlorophenol red—3-p-galactopyranoside (CPRG), which
yielded a red cleavage product. In the absence of tracer peptide, the T cell hybridoma did not
engage cells, and LacZwas transcriptionally inactive (Fig. 1A) (47).

To validate 3T, we tested the coding capacity of the activating transcription factor 4 (ATF4)
5" UTR, which contains well-characterized uORFs (fig. S1). To this end, we inserted tracer
peptides into two highly conserved UORFs that were previously shown to regulate ATF4
expression in response to elF2a phosphorylation (11, 48) (Fig. 1, B and C, and fig. S1). To
assess the levels of UORF translation, we transfected cells harboring the appropriate MHC |
with UORF (tracer peptide)-ATF4-luciferase constructs. We first nested the coding sequence
for the peptide MTFNYRNL (MYLS8) (fig. S1) into uORF1 of ATF4-luciferase and the
peptide KSIINFEHLK (KOVAK) (fig. S1) into uUORF2. Both tracer peptides are presented
by MHC I H-2KP (KP MHC 1). We then added, as a titration of increasing cell numbers, an
equal number of T cell hybridomas specific for the tracer peptides displayed [BCZ103 for
UORF1(MYLS) or B3Z for uUORF2(KOVAK)], followed by CPRG. As expected, T cell
responses were only observed when the tracer peptide was present in either UORF (Fig. 1, B
and C).

The tracer peptide constructs allowed robust detection of translation from multiple different
regions of the mRNA. For example, we measured ATF4-luciferase activity resulting from
CDS translation (Fig. 1D) from cells expressing tracer peptides from either uORF1 or
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UORF2 (Fig. 1, B and C, and fig. S2). Similarly, using the tracer peptide WMHHNMDLI
(WI19), presented by MHC | H-2DP (DP MHC 1) and detected by a different T cell
hybridoma, we measured uORF1 expression from either the uUORF1(WI9) or the
UORF1(WI9)-uORF2(KOVAK) constructs (Fig. 1E). As expected, UORF2(KOVAK)
generated a peptide that was only detected by the appropriate T cell hybridoma (compare
Fig. 1, E and F). Similarly, the KOVAK tracer peptide was detected independently of its
placement in UORF1 or uORF2 (Fig. 1F).

3T can be adapted for detection of tracer peptides from mRNAs directly transfected into
cells. In particular, we observed UORF2 tracer peptide expression from uUORF2(KOVAK)-
ATF4-luciferase mRNA (Fig. 1G). Furthermore, we readily observed tracer peptide
expression from uORF2 from primary bone marrow—derived dendritic cells after only a 3-
hour mRNA transfection (Fig. 1H). These observations underscore the possibility that any
mRNA and a diverse range of cell types can be used to measure UORF expression, as long as
the MHC | peptide presentation pathway is constitutively expressed in these cells.

For 3T to reflect expression from distinct regions of the mMRNA reliably, tracer peptide
placement should not deregulate the expression of the main CDS during steady-state and
stress conditions. Therefore, we tested CDS expression (ATF4-luciferase activity) from
constructs bearing various UORF tracer peptide insertions. Indeed, insertion of tracer
peptides into either UORF1 or uORF2 or simultaneously into both uORFs did not
substantially impair the inhibitory function of the uORFs, as assessed by luciferase activity
compared with wild type—ATF4-luciferase and a constitutively active variant of ATF4-
luciferase (49) (Fig. 2A and fig. S3).

To test whether control of ATF4 induction by the ISR was likewise intact in the reporter cell
lines bearing the tracer peptide insertions, we exposed cells to subtilase cytotoxin (SubAB),
a bacterial AB toxin that is endocytosed by cells and retrotransported to the ER lumen,
where it destroys BiP by proteolysis (50). BiP destruction induced protein misfolding in the
ER and PERK-catalyzed phosphorylation of elF2a, which inhibited cellular translation (fig.
S4A). The translation block was readily reversed by ISRIB, a small molecule that overcomes
the effects of elF2a phosphorylation (51-53) (fig. S4A). SubAB triggered PERK activation,
expression of endogenous ATF4, elF2a phosphorylation (fig. S4B), and up-regulation of the
plasmid-borne ATF4-luciferase reporter (fig. S4C). ISRIB inhibited endogenous ATF4
expression and ATF4-luciferase expression, which indicated that the ATF4 transgene
behaved like endogenous ATF4 (fig. S4). Furthermore, multiple UPR inducers stimulated
ATF4-luciferase expression equivalently from constructs harboring either a uORF1 or
UORF2 tracer peptide (Fig. 2B). These results indicate that tracer peptide placement does not
compromise the control of ATF4 expression during ER stress.

3T relies on proper processing of tracer peptides, including import into the ER and loading
onto MHC | molecules. To induce elF2a phosphorylation without disturbing the normal
processes in the ER lumen, such as protein folding (compromised by SubAB cleavage of
BiP), or N-linked glycosylation (inhibited by tunicamycin), or directly activating the T cell
hybridomas [calcium fluxes with thapsigargin (Tg)], we treated cells with NaAsO», an
inducer of oxidative stress, which rapidly induces elF2a phosphorylation and ATF4
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induction by activating cytosolic HRI (54). We observed rapid and robust expression of
endogenous ATF4 without activation of PERK or altered expression of BiP (Fig. 2C and fig.
S5). Pertinent to the utility of 3T, ATF4-luciferase harboring a nested uORF2 tracer peptide
showed the expected induction with NaAsO, treatment (Fig. 2D). Peptide expression from
UORF1 (Fig. 2E) and uORF2 (Fig. 2, F to H, and fig. S6) largely persisted when ATF4-
luciferase was induced, a finding that differs from studies with yeast GCN4 (55). However,
the pervasive UORF2 peptide expression measured here is consistent with recent ribosome-
profiling studies on A7TF4 mRNA upon ISR induction (43, 44). These results validate 3T as a
sensitive and robust indicator of UORF expression. As such, we next applied this method to
ask whether uORF translation is a general strategy that cells use to ensure privileged protein
expression during the ISR.

anovel regulatory element in the 5° UTR of BiP mRNA

BiP synthesis, which is initiated at a standard AUG start codon (fig. S7), persists during ER
stress, when the ISR is induced (56). To explore this phenomenon, we treated cells with
SubAB, resulting in PERK activation, elF2a phosphorylation, and a massive reduction in
protein synthesis (Fig. 3, A and B). As expected, treatment with a catalytically inactive form
of SubAB (Mut SubAB) did not result in ISR induction (Fig. 3, A and B, and fig. S8). To
assess directly whether BiP is synthesized after onset of the ISR, we transfected cells with
DNA encoding FLAG-tagged BiP [or BiP(L416D)-FLAG, a SubAB-resistant mutant] and
treated them with Mut SubAB or SubAB. We next pulse-labeled cells with [3°S] Met-Cys to
label newly synthesized proteins, followed by immunoprecipitation of BiP. In agreement
with previous results, BiP from both constructs was readily synthesized despite ISR
induction (Fig. 3C). Thus, elements other than conventional initiation at the annotated BiP
AUG start codon or its CDS may be required to ensure privileged expression during the
UPR.

Recent ribosome profiling measurements indicate that BiP mRNA shows substantial levels
of ribosome occupancy in the 5 UTR (33). The most prominent ribosome initiation signal
was detected at an UUG codon at position =190 (relative to BiP coding sequence +1 AUG),
encoding a putative nine—amino acid peptide (Fig. 3D and fig. S9A). To test whether this
predicted UORF is translated, we nested a tracer peptide [LTFNYRNL (LYL8)] in the =190
UUG uORF (Fig. 3D), which did not alter the expression of BiP during basal conditions or
its targeting to the ER as assayed by SubAB sensitivity (fig. S10A). When assessed by 3T,
we readily detected the =190 UUG leucine codon—initiated expression of the tracer peptide
(Fig. 3E). Translation of the =190 UUG uORF persisted upon elF2a phosphorylation
induced by NaAsO, treatment (Fig. 3F). Given that an UUG codon codes for leucine and
that leucine initiation is resistant to NaAsO, treatment and reduced elF2-GTP-Met-tRNA;Meét
levels (57, 58), a noncanonical UUG or CUG initiation mechanism may function in the BiP
5 UTR.

We similarly tested expression of the nested KOVAK tracer peptide in the predicted —61
leucine CUG-initiated uORF in the BiP 5" UTR (33) (Fig. 3G and fig. S9B). This uORF is
out of frame with the BiP AUG-initiated CDS. Indeed, the -61 CUG-initiated uUORF
supports expression of a peptide in cells when present out of frame (Fig. 3G) or in frame
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with the BiP coding sequence (fig. S10, A and B). Expression of the -61 CUG uORF was
not markedly reduced in the presence of NaAsO, (Fig. 3H), which suggests that multiple
noncanonical initiation events are involved in sustaining BiP expression during stress.

BiP uORF expression is regulated by elF2A

The alternative initiation factor elF2A, a monomeric protein structurally and functionally
distinct from the trimeric elF2, coordinates noncanonical leucine (CUG) initiation (58) and
expression of a CUG leucine—initiated phosphatase and tensin homolog deleted on
chromosome 10 isoform (59). Given these findings, we examined the consequences of
elF2A depletion on —190 UUG uORF and BiP expression. Although when elF2A is
depleted (elF2A knockdown) with small interfering RNA (siRNA), this did not measurably
impair global protein synthesis (fig. S11), and it substantially impaired expression of the
-190 UUG uORF (Fig. 4A and fig. S12), which required nearly 40% more tracer-expressing
cells to stimulate T cells to a half-maximal response (Fig. 4B). This observation is consistent
with a requirement for elF2A-dependent initiation of the BiP —190 UUG uORF, which may
regulate the levels of BiP.

Indeed, siRNA knockdown of elF2A (Fig. 4C) measurably compromised expression of BiP-
FLAG, during induction of the ISR with Tg, an ER stress inducer (Fig. 4D, lane 4, and 4E);
deregulated the steady-state levels of endogenous BiP; and compromised its expression
during the ISR (fig. S13). Notably, deletion of the =190 UUG uORF concurrently with
elF2A siRNA knockdown dramatically impaired the expression of BiP in ER-stressed cells
(Fig. 4F, lane 4, and 4G). Moreover, the expression of elF2A was induced by SubAB in our
cell model (Fig. 4, H and I) and in primary mouse dendritic cells in response to a variety of
other stresses (Fig. 4J). In these cells, elF2A was induced by poly(1:C) and
lipopolysaccharide (LPS) (which are activators of PKR) and the small molecule NSC119893
that blocks Met-tRNA;Mét binding to elF2 and compromises canonical AUG-dependent, but
not noncanonical, initiation (58, 60). elF2A up-regulation during acute loss of
elF2-GTP-Met-tRNA;Met ternary complex caused by NSC119893 and dependence on elF2A
for =190 UUG uORF expression are consistent with a requirement for elF2A in order for
BiP to be expressed during cellular stress (Fig. 4K).

UORFs harbor predicted HLA epitopes

In addition to regulating BiP levels during stress, the peptide translated from the —190 UUG
UOREF is predicted (61) to be a potent human leukocyte antigen (HLA)—presented epitope
(human MHC I—peptide) recognized by human T cells (Fig. 5A and fig. S14), as is a peptide
potentially generated by translation and processing of the —61 CUG uORF (fig. S14).
Peptide expression from these UORFs, during basal and/or ISR conditions, suggested that
there may be widespread peptide expression that could serve a variety of extracellular
regulatory roles, such as HLA presentation, yet escape detection by currently available
techniques, as these peptides are smaller than 10 kD.

To begin to assess the prevalence of these translation events, we measured the presence of
peptides under conditions of limiting ternary complex using a global readout of their
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abundance. To this end, we measured diffusion of green fluorescent protein (GFP)-labeled
TAP after photobleaching (TAP-FRAP) (62) (Fig. 5B). TAP is an ER-resident adenosine
triphosphate— binding cassette transporter that consists of two subunits, TAP1 and TAP2.
Antigenic precursor peptides are transported from the cytosol into the ER lumen by TAP
(63) and loaded onto MHC | molecules with the aid of ER-resident chaperones (64). Note
that the mobility of TAP in the ER membrane depends on peptide abundance. When peptides
are lacking, TAP mobility in the ER membrane is measurably enhanced, which is indicative
of peptide engagement and, hence, provides a robust readout for peptide abundance (62). We
treated cells with NSC119893 to induce the ISR and block elF2-mediated initiation or with
cycloheximide (CHX) to globally inhibit translation (Fig. 5C). As expected, BiP expression
was not inhibited by NSC119893 but was by other translation inhibitors (Fig. 5D and fig.
S15). In the TAP-FRAP assay, untreated cells showed baseline levels of TAP diffusion,
indicative of high peptide availability and TAP engagement, as shown by dimethyl sulfoxide
(DMSO) (Fig. 5E). As previously shown (62), CHX inhibited peptide supply and, therefore,
enhanced TAP diffusion (Fig. 5E). By contrast, treatment with NSC119893 showed only a
modest increase in TAP diffusion (Fig. 5E), which was substantially less than that observed
with CHX, despite an equivalent reduction of full-length protein synthesis as assayed by
[35S]Met-Cys incorporation (Fig. 5C). These results provide independent evidence for the
ubiquitous presence of newly synthesized peptides during normal growth and ISR
conditions.

Stress-resistant expression is a common feature of chaperones and heat shock proteins (65),
with the 5 UTR often necessary and sufficient to reconstitute expression during stress (66,
67). We examined ribosome profiling data (33) for a variety of chaperones to identify non-
AUG UORFs in their 5’ UTRs. This analysis revealed that UUG- and CUG-initiated uORFs
are present in the 5 UTR of a variety of human chaperones (Fig. 5F). Furthermore, several
of these UORFs encode peptides, which, after cellular processing, are predicted to be bound
by HLA with strong affinity (Fig. 5F). Taken together, our results suggest that the HLA
peptide repertoire is larger than previously predicted and includes peptides derived from 5/
UTR uORFs that may be selectively translated under stress conditions.

Discussion

Here, we exploited the sensitivity and specificity of T cells to assess whether translation
occurs outside of the standard protein CDS using 3T. The basis for 3T is the insertion of a
tracer peptide coding sequence, known to be presented by MHC |1 to T cells, into a
predefined DNA sequence, which is transcribed into mRNA and translated by ribosomes.
The translated tracer peptides, whether nested in a polypeptide or translated from their own
ORFs, are efficiently processed and loaded onto MHC | molecules in the ER and travel to
the cell surface, where the peptide-MHC | complex is detected by exquisitely specific and
sensitive T cell hybridomas. This candidate approach allows customized insertion of tracer
peptides into any region of the genome and is amenable to genome tiling of tracer peptides
for large-scale discovery and validation of translated uORFs, sORFs, protein isoforms, and
“noncoding” RNAs, such as introns, long noncoding RNAs, and 3’ UTRs.
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We validated 3T by detecting translated peptides from the UORFs of ATF4, a transcription
factor only expressed during the ISR. We measured a high degree of peptide expression from
both ATF4 uORF1 and uORF2 during both normal growth and stress conditions, a finding
recently predicted from ribosome profiling measurements (43, 44). The high degree of
UORF expression during stress, however, was not predicted on the basis of the current
reinitiation model for ATF4 expression (11) or the related yeast homolog GCN4 during
stress (55). In this model, the small ribosomal subunit is expected to remain mMRNA bound
and scans past UORF2 and acquires elF2-GTP-Met-tRNA;Met and the large ribosomal
subunit in time for initiation at the conventional AUG start codon of the CDS. Our
measurements indicate either that reinitiation commences after only a few ribosomes skip
UORF2 or that translation of the ATF4 CDS is a combination of reinitiation and scanning
past the UORFs (“leaky scanning”), two events that are technically challenging to distinguish
(45). Our finding that uORFs are constitutively expressed during stress and limiting
elF2-GTP- Met-tRNA;Met |evels prompts us to speculate that uUORF translation might serve
an additional role during the ISR, which provides an explanation for the high level of
ribosome occupancy within the 5 UTRs of mMRNAs expressed during stress (43).
Constitutive uUORF expression could thus protect MRNAs from translational down-regulation
during stress and thereby serve to control gene expression.

Using 3T, we showed that BiP harbors uORFs that are constitutively translated during stress.
By contrast to the AUG-initiated uORFs of ATF4, BiP 5 UTR uORFs are exclusively
initiated by the non-AUG leucine codons UUG and CUG. Expression of the =190 UUG
UORF from the BiP 5’ UTR requires the alternative initiation factor elF2A. By contrast to
initiation with the conventional elF2-GTP-Met-tRNA;Mét ternary complex, elF2A is a
monomer and does not bind GTP (68). In addition to initiation at CUG start codons (58, 59),
elF2A is required for initiation at the AUG start codon of a hepatitis C virus internal
ribosome entry site (IRES) reporter (69) and viral proteins from the Sindbis alphavirus (70),
during stress conditions and high levels of elF2a phosphorylation. Stress-induced elF2A
could substitute for elF2 during initiation at the BiP AUG start codon. Our data support a
model where elF2A and a combination of UORFs maintain the levels of BiP synergistically
during translational attenuation accompanying cellular stress. We propose that elevated
levels of elF2A, as we observed upon ISR induction, protect BiP mRNA from translational
shutdown upon elF2a phosphorylation.

It was suggested previously that BiP mRNA harbors an IRES in its 5 UTR, required for BiP
expression during continuous heat shock (71, 72). Our data reveal an added level of
regulation within the BiP 5" UTR wherein persistent, noncanonical uORF translation and
elF2A function as a cis-acting regulatory element necessary for privileged BiP expression
during stress. The role for elF2A and noncanonical initiation in the 5" UTR during ribosome
scanning of cellular mRNAs is an emerging property of translational regulation (59), which
highlights a new translational mechanism used during the integrated stress response. These
findings add to a growing list of alternative initiation events, such as initiation from
structured 5" UTRs with DEAD/DEXxH-box proteins (73, 74) or elF2-independent
recruitment of Met-tRNA;Mét on viral mMRNAs by Ligatin and MCT-1 or DENR (75). The
observation that other chaperones, also stably expressed during stress, harbor non-AUG-
initiated UORFs in the 5" UTR indicates that UORF expression may be a general mechanism
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used to regulate the synthesis of proteins necessary during the ISR. Thus, substantial
evidence now suggests that uORFs are required for regulation of CDSs and that uUORF
mutations are linked to a number of diseases [reviewed in (45)].

The notion that some UORF peptides fall outside the detectable range of mass spectrometry
analysis because of their short length or selective proteolysis (76) presents an advantage for
3T. The TAP channel readily transports short peptides into the ER for the peptide-loading
complex, which is poised to efficiently facilitate loading onto MHC | molecules. Therefore,
the detection of translated products from very short UORFs, such as ATF4 uORF1 (three
amino acids), is ideal for 3T, because the entirety of the translated UORF serves to generate
the mature peptide for MHC | loading and subsequent detection by T cells. Additionally, the
UORF products with short half-lives that are efficiently processed serve to enhance the
sensitivity of 3T, because proteolysis is required before TAP transport and MHC | loading.
Last, the 3T assay is exquisitely sensitive because of the inherent sensitivity of T cells that
can detect even a few copies of the peptide—MHC | and trigger the LacZresponse (46, 77).

The apparent disconnect between the number of translated uUORFs predicted by ribosome
profiling (32, 33) and the number of translated uUORFs identified by mass spectrometry is
likely explained by the challenges encountered by extensive mass spectrometry analysis of
HLA-bound peptides over the years (78, 79). These HLA-associated peptide analyses have
revealed that mass spectrometry analysis is unlikely to capture all the different peptides
presented by MHC | molecules for a variety of reasons. Early analyses predicted that 10,000
to 20,000 different peptides are presented on the cell surface by both MHC | and MHC I
molecules, although recent estimates suggest that MHC | alone could display between
30,000 and 120,000 peptides on each cell surface (80). An analogous disconnect is observed
between the 42,271 human sORFs (40 to 100 amino acids long) predicted by ribosome
profiling (41) and the 1259 alternative proteins detected by mass spectrometry (81).
Absolute peptide abundance may limit the recovery of some peptides if they are present at
low copy numbers, such as 1 to 1000 molecules per cell (39, 78, 82). Furthermore,
assignment of peptides from low-molecular-weight precursors (less than 100 amino acids)
by mass spectrometry is limited by the presence of many unidentified ion peaks and the lack
of comprehensive low-molecular-weight reference databases (83), which is currently being
addressed (81, 83). In addition, standard assignment of recovered HLA-bound peptides is
typically performed by alignment with the CDS of the mRNA (78, 79) not to regions outside
the annotated open reading frames. Examples of MHC | peptides generated from translation
of noncoding RNA—such as 5" UTRs, introns, and intron-exon junctions (84)—highlight
the need to explore regions outside of the CDS for sources of MHC | peptides and other
bioactive peptides. The recent reports of non-AUG start codon initiation (58, 59, 67) suggest
that standard peptide alignments should also include ORFs initiated with CUG, UUG, and
other non-AUG start codons, whether inside or outside of the annotated CDS (81).

Discovery of uUORF translation from the 5" UTR of BiP and prediction of uORF translation
in other stress-related chaperones could generate a pool of peptides that serve a variety of
biological functions. For example, UORF peptides may shape the immune response as self-
antigens during cancer progression and autoimmune disease (80). Indeed, nonmutant tumor
antigens generate physiologically relevant immune responses for cancer immunotherapy
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(85). Therefore, a reexamination of HLA-associated peptide libraries (78) promises to
uncover peptides that are generated from translation outside of annotated CDS, such as
UOREFs initiated with non- AUG start codons. Translated uORFs could also generate
bioactive peptides that directly or indirectly regulate expression of the main CDS, as seen
with the peptide translated from the uORF in S-adenosylmethionine decarboxylase mMRNA
(86), or function in signaling pathways, such as Toddler—a short, secreted peptide essential
for embryogenesis (42).

3T offers a robust approach for characterization of the numerous predicted translation events
in 5" UTRs and other noncoding RNA (32, 33). These results emphasize the importance of
translated regulatory features in 5 UTRs, which regulate translational control of the
downstream CDS, as indicated by a variety of disease-causing 5" UTR uORF mutations (35).
We propose that this phenomenon presents an extracellular signature during the ISR to
modulate T cell immune responses (84).
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Fig. 1. 3T reveals the translational capacity of UORFs in 5’ UTRs
(A) Schematic of 3T: A tracer peptide inserted into noncoding regions of the 5 UTR, such

as UORFs, followed by translation, peptide processing, and transport by TAP into the ER for
loading onto MHC | molecules. The tracer peptide-MHC | complex transits to the cell
surface and is recognized by a T cell hybridoma. Recognition of the tracer peptide-MHC |
complex on the cell surface activates the T cell hybridoma, which is measured by a
colorimetric assay and indicates the presence of a UORF translation product. Schematics of
the ATF4 5 UTR with nested tracer peptides. Plotted T cell responses and colorimetric
readout of the 3Tassay from tracer peptides generated from transfection of HeLa-KP cells
with (B) uUORF1(MYL8)-ATF4-luciferase detected with the BCZ103 T cell hybridoma and
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(C) UORF2(KOVAK)-ATF4-luciferase detected with the B3Z T cell hybridoma with
simultaneous detection of ATF4-luciferase expression (D). T cell responses from tracer
peptides generated from uUORF1(WI19)-ATF4-luciferase, UORF1 (WI19)-uORF2(KOVAK)-
ATF4-luciferase, or UORF2(KOVAK)—-ATF4-luciferase transfected (E) D°-L cells detected
with the 11p9Z T cell hybridoma or (F) KP-L cells detected with the B3Z T cell hybridoma.
3T responses from uORF2(KOVAK)-ATF4-luciferase (detected with the B3Z T cell
hybridoma) generated from mRNA transfection of HeLa-KP cells (G) and primary bone
marrow—derived dendritic cells (H). T cell responses are representative of 7> 3. Asggs,
absorption at 595 nm.
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Fig. 2. UORFs are expressed during stress-induced expression of ATF4
(A) ATF4-luciferase levels during normal growth conditions were measured from HeLa-KP

cells transfected with wild type—ATF4-luciferase, ATF4-luciferase constructs with tracer
peptide insertions [UORF1(MYL8) or uORF2(KOVAK) tracer peptides], or a constitutively
active ATF4-luciferase variant (means £ SEM; n= 3 to 4). (B) Stress-induced ATF4-
luciferase levels were measured from HeLa-KP cells transfected with wild type-ATF4-
luciferase and ATF4-luciferase constructs with tracer peptide insertions [UORF1(MYL8) or
UORF2(KOVAK) tracer peptides] and after treatments with tunicamycin (Tm) (1 pg/ml), Tg
(1 pM), or Mutant SubAB or SubAB (0.2 pug/ml) for 6 hours (means + SEM; n= 3 to4).
HeLa-KP cells from independent tracer peptide DNA transfections were treated with
NaAsO, (10 pM) for 1 to 3 hours and analyzed by immunoblot (r7= 3; *nonspecific ATF4-
specific antibody signal) (C) or for luciferase expression from uORF2(KOVAK)-ATF4-
luciferase—transfected cells (means + SD; n= 3 to 4) (D). Tracer peptide expression was
measured from HeLa-KP cells transfected with either UORF1(MY L8)-ATF4 luciferase (E)
or UORF2(KOVAK)-ATF4 luciferase (F) after treatment with NaAsO; (10 uM) (means +
SD from two biological replicates are representative of /7= 3). Stable UORF2(KOVAK)-
ATF4-luciferase HeLa-KP cells were treated for 3 hours with NaAsO, (10 uM) and assayed
for UORF2(KOVAK) tracer peptide expression (G) (means + SD from two biological
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replicates are representative of /7= 3) or for ATF4-luciferase expression (H) (means + SEM;
n=3). Statistical significance was evaluated with the unpaired ftest (NS, not significant; *P
< 0.05; **P< 0.01; ***P<0.001).
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Fig. 3. The BiP 5’ UTR harbors non-AUG-initiated UORFs constitutively expressed during the

ISR

Cells treated with Mutant SubAB or SubAB (0.2 pug/ml) for 2 hours in HeLa-KP cells were
analyzed by (A) immunoblot or (B) [3°S]Met-Cys pulse-labeled to measure total protein
synthesis (means + SEM; 1= 4). (C) SubAB-treated HeLa-KP cells (1 hour) followed by
[35S]Met-Cys pulse-labeling (1 hour) and BiP-FLAG immunoprecipitation (»-is full-length
BiP and * indicates BiP cleavage products; data representative of /7=2). (D) Amino acid
sequence alignment of the BiP 5" UTR —190 uORF with non-AUG start codons. (E)
Schematic of the BiP 5" UTR with the tracer peptide LYLS8 at the =190 UUG uORF.
Translation of the —190 UUG uORF was measured from—190 UUG uORF tracer peptide
BiP-FLAG-transfected HeLa-KP cells detected with the BCZ103 T cell hybridoma and

compared with cells transfected with an identical construct containing an in-frame UAG stop
codon inserted in the middle of the tracer peptide (see fig. S9) or transfected with a no-tracer
peptide construct (BiP-FLAG) and (F) after treatment with NaAsO, (10 uM) for 3 hours
(means + SD from two biological replicates and are representative of 7= 3). (G) Schematic
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of the BiP 5" UTR with the nested tracer peptide KOVAK in the -61 CUG uORF.
Translation of the —61 CUG uORF was measured from —61 CUG uORF tracer peptide BiP-
FLAG-transfected HelLa-KP cells detected with the B3Z T cell hybridoma and compared
with cells transfected with an identical construct containing an in-frame UGA stop codon
inserted after the —61 CUG uORF start codon but before the tracer peptide (see fig. S9) or
transfected with a no-tracer peptide construct (BiP-FLAG) and (H) after treatment with
NaAsO, (10 uM) for 3 hours (data are presented as means + SD of two biological replicates
and are representative of 7= 3).
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Fig. 4. elF2A and 5" UTR uORFs are required for sustained BiP expression during the ISR
(A) Translation of the —=190 UUG uORF from —190 UUG uORF tracer peptide (LYL8) BiP-

FLAG-transfected Hela-KP cells after 48 hours siRNA knockdown detected with the
BCZ103 T cell hybridoma and compared with cells transfected with a no-tracer peptide
construct (data are presented as means + SD of two biological replicates and are
representative of /7= 4). Inset shows an immunoblot for elF2A knockdown and a -actin
loading control. (B) Relative number of cells required to achieve half-maximal T cell
response for —190 UUG uORF expression with elF2A siRNA knockdown (mean = SEM; n
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= 4). Expression of BiP-FLAG analyzed by immunoblot from BiP-FLAG (D and E) or
UORF mutant BiP-FLAG (F and G) transfected HeLa-KP cells after 48 hours of SiRNA
knockdown (C) and treatment with DMSO or Tg (1 uM) for 3 hours (n7= 3). BiP levels are
presented relative to untreated for each siRNA. (H and 1) HeLa-KP cells treated with Mut
SubAB or SubAB (0.2 ug/ml) for 2 hours and analyzed by immunoblot for elF2A
expression (*nonspecific anti-elF2A antibody signal) (means £ SEM; = 3). (J) Primary
bone marrow—derived dendritic cells analyzed by immunoblot for elF2A expression after
treatment with NSC119893 (50 uM), poly(l:C) (1 ug/ml), or LPS (1 ug/ml) for 3 hours
(m=2). (K) Working model for uORF translation regulation of BiP CDS expression. During
normal growth conditions, BiP CDS expression is not dependent on uORF translation and
elF2A. Stress up-regulates elF2a-P levels, leads to elevated elF2A levels, and leads to
constitutive uORF translation, which positively regulates BiP CDS expression. Statistical
significance was evaluated with the unpaired #test (*P< 0.05; **P< 0.01)
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Fig. 5. Peptides translated from uORFs and other RNAs during the ISR are predicted to be

MHC | peptides

(A) HLA epitope (human MHC I) prediction from translation of the BiP 5" UTR -190 UUG
UORF using the immune epitope database (IEDB) analysis resource consensus tool (94). (B)
Schematic for TAP diffusion [TAP1(GFP)-TAP2 complex] in the ER in the presence or
absence of peptides. (C) Meljuso cells stably expressing TAP1-GFP (62) treated for 1 hour
with NSC119893 (25 uM) or CHX (50 pg/ml) and labeled with 35S (7= 3) or (D) HeLa-KP
cells treated for 8 hours with bruceantin (100 nM); NSC119893 (50 uM, replenished every 2
hours); or CHX 100 pg/ml and analyzed by immunoblot (7= 3). (E) Meljuso cells stably
expressing TAP1-GFP were treated with either NSC119893 or CHX for 1 hour and imaged
using fluorescence confocal microscopy for lateral mobility of TAP with treatment (means +
SEM; n=41o0 7). (F) uORFs predicted from ribosome profiling of chaperone mRNAs (33)
generate peptides predicted to be HLA epitopes using the IEDB resource consensus tool
(94). Statistical significance was evaluated with the unpaired #test (***/P< 0.001).
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