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Approximately 40% of human messenger RNAs (mRNAs) contain
upstream open reading frames (uORFs) in their 5′ untranslated re-
gions. Some of these uORF sequences, thought to attenuate scan-
ning ribosomes or lead to mRNA degradation, were recently shown
to be translated, although the function of the encoded peptides
remains unknown. Here, we show a uORF-encoded peptide that
exhibits kinase inhibitory functions. This uORF, upstream of the pro-
tein kinase C-eta (PKC-η) main ORF, encodes a peptide (uPEP2) con-
taining the typical PKC pseudosubstrate motif present in all PKCs
that autoinhibits their kinase activity. We show that uPEP2 directly
binds to and selectively inhibits the catalytic activity of novel PKCs
but not of classical or atypical PKCs. The endogenous deletion of
uORF2 or its overexpression in MCF-7 cells revealed that the endog-
enously translated uPEP2 reduces the protein levels of PKC-η and
other novel PKCs and restricts cell proliferation. Functionally, treat-
ment of breast cancer cells with uPEP2 diminished cell survival and
their migration and synergized with chemotherapy by interfering
with the response to DNA damage. Furthermore, in a xenograft of
MDA-MB-231 breast cancer tumor inmicemodels, uPEP2 suppressed
tumor progression, invasion, and metastasis. Tumor histology
showed reduced proliferation, enhanced cell death, and lower pro-
tein expression levels of novel PKCs along with diminished phos-
phorylation of PKC substrates. Hence, our study demonstrates that
uORFs may encode biologically active peptides beyond their role as
translation regulators of their downstream ORFs. Together, we
point to a unique function of a uORF-encoded peptide as a kinase
inhibitor, pertinent to cancer therapy.
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Short open reading frames (ORF) upstream of the canonical
ORF (uORFs) are found in about 40% of human protein-

coding transcripts (1–3). uORF-containing genes were shown to
participate in heavily regulated processes, including differentiation,
cell cycle control, and stress responses (4–6). Ribosome profiling
data revealed that many uORFs are translated (3, 7–11), of which
∼20% are also conserved (12). The current notion indicates that
uORFs regulate the translation of their downstream canonical
ORFs (13, 14), mostly by attenuating scanning ribosomes (15–17).
A role for uORF-encoded peptides beyond translational reg-

ulation was reported in few cases: uORF-encoded peptides were
shown to selectively inhibit the non–G protein–coupled angio-
tensin receptor signaling (18), enhance mitochondrial fission
(19), and suppress AP1-mediated transcription (20), suggesting
that they operate in the same pathway as their main ORF. A
recent large-scale analysis identified hundreds of uORF-encoded
peptides, some of which formed complexes with the downstream
canonical proteins encoded on the same transcript, suggesting
they are functional (3). Here, we show a uORF-encoded peptide
possessing a distinct biological function, acting as an inhibitor of

the protein kinase activity of the downstream canonical ORF as
well as of closely related kinases.
We previously identified two uORFs upstream of protein ki-

nase C-eta (PKC-η) that regulate its translation under normal
growth conditions and upon stress (21). PKC-η is a signaling and
antiapoptotic stress kinase (22–27) that belongs to the PKC
family of serine/threonine protein kinases and is involved in cell
proliferation, differentiation, and apoptosis among other pro-
cesses (28, 29). Members of the PKC family comprise ∼2% of the
human kinome (30) and are included in three subfamilies which
differ in their regulatory elements and cofactor requirements for
activation (31, 32). These include the conventional (α, βII, βII,γ),
novel (δ, e, η, θ), and atypical (ζ, ι/λ) PKCs. All PKCs possess a
short pseudosubstrate sequence (PS) (33) that resembles the se-
quence of generic PKC substrates, except for an alanine residue
instead of the phosphorable serine/threonine (Fig. 1A). In resting
cells, the pseudosubstrate region can associate with the substrate-
binding pocket of PKC, autoinhibiting the kinase activity (34, 35).

Significance

Bioinformatic analysis revealed that approximately 40% of hu-
man messenger RNAs contain upstream open reading frames
(uORFs) in their 5′ untranslated regions. Some of these se-
quences are translated, but the function of the encoded peptides
remains unknown. Our study revealed a uORF encoding for a
peptide exhibiting kinase inhibitory activity. This uORF, upstream
of a PKC family member, possess the typical pseudosubstrate
motif, which autoinhibits the catalytic activity of all PKCs. Using
mouse models and human cells, we show that this peptide in-
hibits cancer cell survival, tumor progression, invasion, and me-
tastasis and synergizes with chemotherapy by interfering with
DNA damage response. Together, we point to a previously un-
recognized function of a uORF-encoded peptide as a kinase in-
hibitor, pertinent to cancer therapy.

Author contributions: D.R.J., S.F., C.A., V.B.L., N.P.A., A.M., M.E., E.Y.-L., and E.L. designed
research; D.R.J., S.F., C.A., V.B.L., N.P.A., A.M., A.B.-A., R.S., I.S., and O.N. performed re-
search; N.I., D.T., C.K., M.E., and E.Y.-L. contributed new reagents/analytic tools; D.R.J.,
S.F., C.A., V.B.L., N.P.A., A.M., A.B.-A., R.S., I.S., O.N., N.I., D.T., C.K., M.E., E.Y.-L., and E.L.
analyzed data; and E.Y.-L. and E.L. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).
1D.R.J. and S.F. contributed equally to this work.
2C.A. and V.B.L. contributed equally to this work.
3N.P.A. and A.M. contributed equally to this work.
4To whom correspondence may be addressed. Email: etta@bgu.ac.il.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2018899118/-/DCSupplemental.

Published September 30, 2021.

PNAS 2021 Vol. 118 No. 40 e2018899118 https://doi.org/10.1073/pnas.2018899118 | 1 of 11

CE
LL

BI
O
LO

G
Y

https://orcid.org/0000-0002-4429-2813
https://orcid.org/0000-0002-7880-440X
https://orcid.org/0000-0001-8452-1759
https://orcid.org/0000-0001-9449-5654
https://orcid.org/0000-0002-5825-6514
https://orcid.org/0000-0002-1412-0957
https://orcid.org/0000-0002-1465-0130
https://orcid.org/0000-0003-0994-1520
https://orcid.org/0000-0003-3634-9098
https://orcid.org/0000-0002-8279-7898
https://orcid.org/0000-0001-5270-6679
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2018899118&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:etta@bgu.ac.il
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2018899118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2018899118/-/DCSupplemental
https://doi.org/10.1073/pnas.2018899118
https://doi.org/10.1073/pnas.2018899118


The activation of PKC is achieved by a conformational change
due to the binding of phospholipids, diacylglycerol, or calcium
ions to its regulatory domain, which relieves the autoinhibitory
effect of the PS (36). Several studies characterized the impact
of synthetic PS-derived peptides on PKC activity; for exam-
ple, the PKC-ζ PS-derived peptide, ZIP, was shown to inhibit
PKC-ζ activity (37, 38).

In the present study, we identified a PS-like motif in the sec-
ond uORF (uORF2) of PKC-η. We show that the uORF2-
encoded peptide (uPEP2) is an efficient inhibitor of the kinase
activity of PKC-η as well as other members of the novel PKC
subfamily. Importantly, uPEP2 suppresses the proliferation/
survival and migration of cancer cells and acts in concert with the
cell death–promoting effects of chemotherapy, apparently, by

Fig. 1. uORF2-encoded peptide contains a conserved PS-like motif. (A) The peptide encoded by uORF2 is conserved in other mammals (Left) and is similar to
the PS domain of PKCs, including an alanine at position 6 (marked by *) instead of the phosphorable Ser/Thr of optimal PKC substrates (Right). (B) A rep-
resentative example showing RP reads measured across PKC-η mRNA (40). Ribosomes accumulated mostly at the start codon and the stop codon of uORF2,
also relative to uORF1 and PKC-η main ORF, supporting its translation (adapted from ref. 39; additional examples appear in SI Appendix, Fig. S1). (C) Ex-
perimental assessment of the translational initiation capacity of uORF1 and uORF2 shows it is more frequent at uORF2. We tested the following constructs: a
pGL3 vector containing a firefly LUC reporter; uORF1 or uORF2 inserted without their stop codons upstream and in-frame with LUC that contained a mutated
initiation codon (Fus1 and Fus2); and two similar constructs (negative controls) in which the initiation codons of uORF1 or uORF2 were mutated (Fus1NC and
Fus2NC). Transfection efficiencies were examined by cotransfection with a GFP reporter plasmid. Cells transfected with the pGL3 vector, Fus1, and Fus2
yielded the expected 65-kDa LUC protein (marked by an arrow). NC, negative control; UT, untransfected. (D) The endogenous presence of uORF2-encoded
peptide is depicted using immunoprecipitation experiments. Cell extracts of MOLT-4 and BeWo cells (1 mg/sample) were immunoprecipitated using uPEP2
specific antibody, separated on Tris-Tricine gel. Immunoblotting shows the presence of a band around 3 kDa of uPEP2. (E) Ablating the translation of uORF2
enhances the expression of PKC-η main ORF. The shPKC-η MCF-7 clone (sh3-3) was transduced with pLV(uORF2) or pLV(uORF2mut) lentiviral system in which
uORF1, uORF2, and PKC-η were tagged with Flag, HA, and Myc, respectively. The pLV(uORF2mut) plasmid carries a point mutation in the start codon (AUG to
ACG) of uORF2 to prevent its expression. Immunoblots were performed using anti-Flag/HA/Myc specific antibodies.

2 of 11 | PNAS Jayaram et al.
https://doi.org/10.1073/pnas.2018899118 Unraveling the hidden role of a uORF-encoded peptide as a kinase inhibitor of PKCs

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2018899118/-/DCSupplemental
https://doi.org/10.1073/pnas.2018899118


interfering with the cellular DNA damage response. We also
demonstrate that uPEP2 inhibits tumor development in a mouse
model of breast cancer xenograft. Altogether, our studies show
that in addition to the uORF-mediated translational regulation,
uORF-encoded peptides can also regulate biological functions of
proteins, providing the basis for novel agents with potential ther-
apeutic impact in cancer.

Results and Discussion
A Translatable uORF Upstream of PKC-η Possess a PS-like Motif. The
5′ untranslated region (UTR) of PKC-η contains two uORFs,
uORF1 and uORF2 (21). An analysis of a uORF2 sequence
revealed the presence of a PS-like sequence (Fig. 1A), raising the
possibility that this region encodes a peptide that could interact
with the catalytic domain of PKC-η and regulates its activity. In
support of its potential functionality, the genomic sequence of
uORF2 upstream of PKC-η is conserved in several mammalian
species (SI Appendix, Table S1). The conserved uORF2 sequences
reside on the same transcripts as PKC-η homologs and encode
closely related peptides of the same length (Fig. 1A and SI Ap-
pendix, Table S1).
To test whether uORF2 is translated, we viewed published

ribosome profiling datasets on the genome browser of the
GWIPS-viz database (39). Independent datasets collected from
human embryonic kidney (HEK)-293, MCF10A, LCL 8664, and
U2OS cells (12, 40–43) showed that ribosomes accumulated mostly
at the start and stop codons of uORF2, supporting its translation
(Fig. 1B and SI Appendix, Fig. S1). Moreover, ribosome profiles of
harringtonine- or cycloheximide-treated cells, in which ribosomes
are stalled at initiation sites (44), showed ribosomes accumulating at
the start codon of uORF2 in MCF10A cells (12).
To further analyze whether uORF2 is translatable, we gener-

ated fusion constructs for each uORF and the luciferase (LUC)
reporter gene. Specifically, we mutated the stop codon of each
uORF1 and uORF2 as well as the AUG initiation codon of LUC,
leading to the generation of the corresponding uORF-LUC fusion
proteins (Fig. 1C, Fus1 and Fus2 plasmids). Following transfection
into HEK-293T cells, protein expression was examined by West-
ern blot analysis and an antibody against LUC protein. LUC
products were not observed in cells transfected with constructs
containing mutations at the initiation codons of the uORFs
(Fig. 1C, Fus1 NC and Fus2 NC constructs). In contrast, LUC
expression was observed in cells expressing uORF1 and uORF2
fusion proteins. The uORF2 fusion protein was expressed at
higher levels compared to the uORF1 fusion protein (Fig. 1C),
consistent with its stronger ribosome profiling signal (Fig. 1B and
SI Appendix, Fig. S1) and its stronger match to the Kozak con-
sensus sequence required for efficient translation initiation (21).
Furthermore, we show that the uORF2-encoded peptide is

stably produced. Utilizing an uPEP2-specific antibody (Materials
and Methods) and immunoprecipitation experiments on MOLT-4
and BeWo cell extracts, the presence of an ∼3-kDa peptide that
was not immunoprecipitated by a control IgG antibody was
depicted (Fig. 1D). Taken together, our studies revealed a trans-
latable uORF upstream of a PKC gene and provided evidence
that it is stably produced.
To determine the function of the uORF2-derived peptide on

PKC-η expression, we generated an expression plasmid in which
uORF1, uORF2, and PKC-η were tagged with Flag, HA, and
Myc, respectively (Fig. 1E). A corresponding plasmid in which
uORF2 expression was abolished by introducing a point muta-
tion in its start AUG codon was also produced. Both plasmids
were expressed in an MCF-7 clone in which PKC-η was down-
regulated (shPKC-η) (23). Our results show that in the absence
of uORF2, the expression of PKC-η is up-regulated (Fig. 1E) in
accordance with our previous studies demonstrating that uORF2
acts as a cis-repressor element that suppresses expression of
PKC-η and maintains its low basal levels (21). Taken together,

we show that uORF2 is translated and suppresses the abundance
of its downstream ORF. We further show (The uORF2-Encoded
Peptide Inhibits the Kinase Activity of Novel PKCs) that beyond
this role as a regulator of translation, the uORF2-encoded
peptide also functions as an inhibitor of the kinase activity of
novel PKC family members including PKC-η.

The uORF2-Encoded Peptide Inhibits the Kinase Activity of Novel
PKCs. The presence of a PS-like motif in the uORF2-encoded
peptide (uPEP2) prompted us to test whether it can function
as an inhibitor of the kinase activity of PKC-η or other PKCs
(Fig. 2A). Computational modeling of the potential interaction
between PKC-η and uPEP2 demonstrated that the N-terminal
sequence of uPEP2 (residues 1 to 9) fits within the substrate-
binding pocket of the kinase domain of PKC-η (Fig. 2B and SI
Appendix, Fig. S2). Kinase activity assays were performed on
different PKC isoforms that were expressed in HEK-293T cells,
immunoprecipitated, and incubated in vitro in the presence of
γ-[32P]ATP and myelin-binding protein (MBP) as a substrate (as
described in ref. 23). Kinase activity was examined in the pres-
ence of either uPEP2, a control peptide derived from uPEP2 but
lacking part of the N terminus PS motif (uPEP210–26), or a
peptide derived from the internal autoinhibitory PS sequence of
PKC-η (η-PS). We found that uPEP2 inhibited the kinase activity
of PKCη with a half-maximal inhibitory concentration (IC50) of
about 2 μM. In contrast, uPEP210–26 and η-PS exhibited weak
inhibitory effects, even at a concentration of 10 μM (Fig. 2C and
SI Appendix, Fig. S3A). uPEP2 also inhibited the kinase activity
of other novel PKC isoforms, including PKCδ, PKCθ, and PKCe,
with a similar IC50 of ∼2 μM. Notably, uPEP2 did not affect the
activity of the classical PKC isoforms, PKC-α and PKC-γ, or the
atypical isoform, PKC-ζ (Fig. 2D and SI Appendix, Fig. S3B). To
test whether uPEP2 can physically interact with PKCs, we per-
formed pulldown assays using bead-immobilized antibody–
peptide complexes. uPEP2 was found to interact with the four
novel PKC isoforms but not with PKC-γ or PKC-ζ (Fig. 2E and
SI Appendix, Fig. S4), while the KS21 control peptide showed no
binding to all isoforms tested. It appears, therefore, that uPEP2-
mediated inhibition of the catalytic activity of novel PKCs is
attributed to direct physical interaction between the peptide and
the enzyme. Moreover, when the pivotal nonphosphorable ala-
nine residue (at position 6) in uPEP2 was replaced by serine or
threonine residues, uPEP2 transformed from an inhibitor into a
favorable substrate for PKC-η and PKC-e but not for PKC-α
(Fig. 2F). Taken together, our results demonstrate that uPEP2 is
a kinase inhibitor of novel PKCs and that the pseudosubstrate-
like motif underlies this inhibition.

The uORF2-Encoded Peptide Suppresses Proliferation and Migration
of Cancer Cells. PKC isoforms are known to be involved in the
regulation of cancer cell proliferation, survival, invasion, migra-
tion, apoptosis, angiogenesis, and anticancer drug resistance (22,
45, 46). Since our experiments demonstrated that uPEP2 spe-
cifically inhibited the kinase activity of novel PKCs, we examined
the effects of uPEP2 and its derivatives on the viability of breast
cancer, leukemia, and other types of cancer cells (Fig. 3A and SI
Appendix, Fig. S5A). All peptides tested contained an N-terminal
myristoyl group to enable cell penetration. uPEP2 significantly
reduced the viability of breast cancer and leukemia cells (Fig. 3A)
but had no effect on the viability of the nontransformed MCF10A
cells, suggesting it may have a therapeutic benefit in selected
cancers. The nonmyristoylated peptide, uPEP2(-Myr), which can-
not penetrate cells, did not affect cell viability. The control pep-
tides, uPEP218–26 and η-PS, were less effective in inhibiting breast
cancer and glioblastoma cell viability (Fig. 3B and SI Appendix, Fig.
S5B). The deletion peptide uPEP21–17, containing the PS motif but
lacking the peptide’s C terminus, exhibited only partial inhibition of
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Fig. 2. uORF2-encoded peptide inhibits the kinase activity of novel PKCs. (A) The active/inactive states of PKCs: (i) In the autoinhibited state, the PS domain
(dark blue cylinder) binds to the kinase domain (green circle) leading to its inhibition. (ii) In the active state, the PS domain is detached from the kinase
domain due to a conformation change. (iii) In the proposed state, the kinase domain is bound by the uORF2-encoded peptide (dark red cylinder) and thus
inhibited. Oval shapes represent other PKC domains, and small circles represent phosphorylation sites. (B) A general view of the proposed PKC-η–uPEP2
complex. The model shows the catalytic domain of PKC-η (green) bound to ADP (stick model) and to residues 1 to 9 of uPEP2 (magenta). The nonphosphorable
alanine 6 residue of uPEP2 (marked by an arrow) is positioned in the phosphorylation site by a small β-sheet formed by residues 7 to 9 of uPEP2 and residues
514 to 516 of PKC (magenta and green ribbons, respectively), which are unstructured in the unbound state. The model suggests several hydrophobic and
electrostatic interactions (SI Appendix, Fig. S2) that may explain the stability and specificity of the complex. (C) uPEP2 inhibits the kinase activity of PKC-η.
Kinase assays were performed using MBP as a substrate with/without tested peptides. uPEP2 was a more effective inhibitor than a peptide containing the
internal PS motif of PKC-η (η-PS) and a peptide derived from uPEP2 but lacking its N-terminal part (uPEP2(10–26)). (D) uPEP2 inhibits the kinase activity of novel
PKCs. Kinase activity assays depicting novel PKCs (light gray) and other PKC members (dark gray) were performed as in C. The data shown are means of three
independent experiments. Details of kinase assays in C and D are presented in SI Appendix, Fig. S3. (E) uPEP2 selectively binds to novel PKC isoforms. HEK-293T
lysates overexpressing different PKC isoforms were subjected to immunoprecipitation using protein A/G beads preadsorbed with anti-Myc antibody and Myc-
tagged peptides (uPEP2, uPEP2-Myc, or the nonrelevant control peptide KS21-Myc). (F) Altering alanine at position 6 into S/T converts uPEP2 into an excellent
substrate of novel PKC-η and PKC-e but not PKC-α. Kinase assays were performed as in C using γ-ATP and uPEP2, uPEP2[A6S], or uPEP2[A6T] as substrates.
P values calculated using one-way ANOVA. ***P ≤ 0.001 and *P ≤ 0.05.
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Fig. 3. uORF2-encoded peptide inhibits cell proliferation and migration of cancer cells and is synergistic with chemotherapy by interfering with the response
to DNA damage. (A) uPEP2 attenuates cell viability of breast cancer and leukemia-derived cells. Data shown represents three independent experiments
carried with/without the presence of uPEP2 (1.25 to 10 μM). (B) uPEP2 reduces cell viability of MCF-7 and MDA-MB-231 breast cancer cells and U251 MG
glioblastoma cancer cells but did not affect the viability of nontransformed MCF10A cells. uPEP2 was more effective compared to peptides containing the
internal PS motif of PKC-η (η-PS) or lacking the PS-like sequence (uPEP2(18–26)). Data shown represents three independent experiments (peptide concentration,
10 μM). (C) uPEP2 inhibits migration of MDA-MB-231 and MCF-7 breast cancer cells but not of nontransformed MCF10A cells. Photographs were taken at
indicated time points, and wound areas were normalized to time 0. Data shown represents at least three independent experiments (peptide concentration,
5 μM). uPEP2 is more potent in inhibiting migration compared to η-PS and uPEP2(18–26). All microscopy images appear in SI Appendix, Fig. S6. (D) Endogenous
deletion of uORF2 in MCF-7 cells relieves suppression on novel PKCs expression. Using a CRISPR/Cas9 lentiviral system, uORF2 mutated (2c2 and 2c11) and
control (Scr1 and Scr3) MCF-7 clones were generated. The elevation of novel PKC protein levels compared to scrambled controls were observed, while classical
PKC-α and atypical PKC-ζ protein levels were unaffected. Immunoprecipitation experiments (as in Fig. 1D) verified the expression of uORF2-encoded peptide
(uPEP2) in scrambled control (Scr1 and Scr3) clones but not in the deletion clones. Cell proliferation assay shows enhanced cell proliferation in uORF2-deleted
MCF-7 clones. (E) uPEP2 is synergistic with etoposide in the induction of cell death. MCF-7 cells were treated with indicated peptides (2 μM) followed by the
addition of etoposide (50 μM) for 48 h. Cell numbers were quantified by standard curves of absorbance versus cell numbers as described in Materials and
Methods. Data shown are means of at least three separate experiments. (F) uPEP2 interferes with the cellular response to DNA damage. Experiments were
carried out as in D followed by cell lysis (30 min after etoposide addition). A peptide without a myristoyl group at the N terminus of the peptide, unable to
enter the cells, was used as a control. Phosphorylation on DNA damage response markers γ−H2AX, Chk1, Chk2, ATM, and ATR were detected using Western
blot analysis and specific antibodies. Hsp90 and β-actin were used as markers for equal protein loading. The results shown are representative of three in-
dependent experiments. P values calculated using one-way ANOVA. ***P ≤ 0.001.
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cell viability (SI Appendix, Fig. S5B), suggesting that the full-length
peptide is required for efficient inhibition.
Malignant progression and cancer metastasis are strongly

correlated with the ability of cancer cells to migrate. To further
assess the impact of uPEP2 on cell migration, we tested its effect
on wound closure in vitro using the scratch assay. We found that
uPEP2 inhibited the migration of MCF-7 and MDA-MB-231 cells
but had no effect on the migration of the nontransformed
MCF10A cells (Fig. 3C and SI Appendix, Fig. S6). Taken together,
the full-length uPEP2 was most effective in the inhibition of both
cell viability and migration compared to the deletion variants or
the PKC-η internal η-PS inhibitory peptide, in agreement with the
effectiveness of these peptides as inhibitors of its kinase activity.
To determine the role of endogenously expressed uORF2 on

cell survival, uORF2 was deleted in MCF-7 cells using CRISPR/
Cas9 methodology (Fig. 3D). Knockout of uORF2 in 2c2 and
2c11 clones was verified by DNA sequencing, and its presence in
Scr1 and Scr3 scrambled control cells (and absence in 2c2 and 2c11
clones) was depicted using immunoprecipitation experiments with
anti-uPEP2–specific antibodies (Fig. 3D and SI Appendix, Fig. S7).
A time-course analysis of cell proliferation of these clones showed
increased cell numbers in uORF2-deleted cells compared to
scrambled control lines (Fig. 3D). Notably, deletion of uORF2 was
accompanied by increased expression of PKC-η in both uORF2-
deleted clones. The protein abundance of novel PKC-e and PKC-δ
was also augmented in 2c2 and 2c11 cells, while that of classical
PKC-α or atypical PKC-ζ was not altered compared to control cells
(Fig. 3D). The effect of uORF2 on the expression of novel PKCs
was further supported by the overexpression of uORF2 in MCF-7
cells (on the background of shPKC-η knockdown cells; see
Fig. 1E), resulting in reduced endogenous expression of novel
PKC-e and PKC-δ compared to control nontransfected cells. The
introduction of a mutation in the start codon of uORF2, ablating
its expression, restored their expression (SI Appendix, Fig. S8).
In some reports, PKC-η expression was associated with cell

proliferation and survival; overexpression of PKC-η in MCF-7
cells enhanced cell cycle progression and the expression of G1
cyclins, cyclin D and E, and p21Cip1 (47). In breast cancer patients’
biopsies, PKC-η expression was increased after chemotherapy, and
its localization in cell membranes (activated) was a predictor for
poor prognosis (27). PKC-η expression was augmented by estro-
gen, also enhancing proliferation induced by estrogen (48). In
PKC-η−/− mice, PKC-η was required for T cell activation and
proliferation (49). PKC-e expression was also shown to promote
cell proliferation, while PKC-δ effects on cell proliferation and
survival were cell type dependent (29). Taken together, our studies
show that the uORF2-encoded peptide affects the protein levels
of novel PKCs; its deletion in MCF-7 cells increased protein levels
of novel PKCs culminating in enhanced cell proliferation.

uORF2-Encoded Peptide Synergizes with Chemotherapy by Interfering
with the Response to DNA Damage. We and others previously
published that PKC-η and other PKCs provide protection against
DNA damage–induced cell death (22, 24–26, 50–54). Therefore,
we examined if inhibition of PKCs by uPEP2 enhances cell death
upon etoposide-induced DNA damage. Our data showed that
under conditions in which death by either etoposide or uPEP2 was
limited (10 to 30%), the presence of both agents highly increased
cell death (95 to 100%), demonstrating synergism (Fig. 3E). No-
tably, the expression of PKC-η is increased by etoposide treatment
(Fig. 3F), suggesting that its elevated expression is stress activated,
needed to confer protection against DNA damage–induced stress
(22). In the presence of uPEP2, PKC-η underwent enhanced
degradation (Fig. 3F), most likely as a result of decreased stability
of the protein because of diminished phosphorylation on its
priming phosphorylation sites (36). We show that PKC-η is
phosphorylated on the priming sites Ser675 and Thr655, the

phosphorylation of which is diminished by uPEP2, accompanied
by PKC-η degradation (SI Appendix, Fig. S9).
In response to DNA damage, the histone H2A variant H2AX

undergoes phosphorylation on serine 139 (termed γ-H2AX). The
phosphorylation occurs at sites of double-strand breaks (DSBs),
thought to restructure the chromatin and assist in the recruit-
ment of DNA repair and signaling factors (55, 56). DNA
damage–induced phosphorylation of H2AX is mediated by
ATM, ATR, and DNA-PK and is considered a marker for DNA
DSBs initiating DNA damage response (55, 56). Upon induction
of DSBs by etoposide, we show that phosphorylation of γ-H2AX
markedly increased in uPEP2-treated MCF-7 cells (Fig. 3F). A
similar effect was observed in X-ray or etoposide-treated PKC-η
knocked-down MCF-7 cells or upon the expression of a kinase-
dead PKC-η mutant (SI Appendix, Fig. S10 and see ref. 23). Thus,
PKC-η indirectly interferes with γ-H2AX phosphorylation, and a
catalytically active PKC-η is required for this inhibition of γ-H2AX
phosphorylation. Moreover, while etoposide promoted the phos-
phorylation of ATM and ATR and their effector kinases Chk1 and
Chk2, this phosphorylation was markedly decreased by uPEP2
(Fig. 3F). Hence, uPEP2 interferes with DNA repair processes in
response to DNA damage, resulting in enhanced cell death.

The Antitumor Activity of uPEP2 in Breast Cancer Mice Models. To
further analyze the antitumor activity and therapeutic potential
of uPEP2 in a preclinical model, we tested the in vivo effect of
uPEP2 on breast cancer triple-negative MDA-MB-231 cells in
tumor-bearing mice. In this model, MDA-MB-231 tumor cells
were inoculated into the mammary fat pads of female mice, and
when the tumors reached a volume of ∼100 mm3, the mice were
treated with uPEP2 or the control peptide, uPEP2(-Myr), on
alternate days. The results showed that uPEP2 inhibited the
growth of MDA-MB-231 tumors in NOD-SCID gamma (NSG)
and NOD-SCID mice as indicated by volume (Fig. 4 A and B and
SI Appendix, Fig. S11). In contrast, parallel treatment of mice
with uPEP2(-Myr) had no effect on tumor growth. Furthermore,
treatment of NSG mice with uPEP2 inhibited MDA-MB-231
metastasis formation in the lung and liver (Fig. 4C). At the end
of the experiments, histology analysis was performed, and tissue
extracts were prepared from the collected tumors. Histology
analysis of uPEP2-treated tumors showed fewer proliferating
cells in these tumors compared to nontreated or uPEP2(-Myr)-
treated tumors as indicated by Ki67 staining (Fig. 4D). Terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assays demonstrated increased apoptosis in uPEP2-treated tumors
(Fig. 4E), supporting the exhibited reduced tumor progression.
Immunoblotting studies demonstrated lower protein levels of
novel PKC-η and PKC-e in MDA-MB-231tumors treated by
uPEP2 in NSG and NOD-SCID mice (Fig. 4F and SI Appendix,
Fig. S11G). Notably, the expression levels of the classical PKC-α,
PKC-γ, and atypical PKC-ζ were not affected by uPEP2 treatment,
in correlation with the uPEP2-mediated inhibition of the cat-
alytic activity of these kinases. Similar results were obtained in
MDA-MB-231 cells grown in culture and treated by uPEP2 (SI
Appendix, Fig. S12). Furthermore, phosphorylation of PKC sub-
strates was also lower in uPEP2-treated MDA-MB-231 tumors
grown in NSG or NOD-SCID mice (Fig. 4G and SI Appendix, Fig.
S11H), supporting reduced PKC kinase activity in these tumors.
Taken together, our studies demonstrate that treatment of breast
cancer MDA-MB-231 xenografts in mice by uPEP2 suppresses
kinase activity and protein abundance of novel PKCs accom-
panied by reduced tumor growth and metastasis, supporting the
antitumor activity of uPEP2. However, the endogenous role of the
uORF2-encoded peptide as a kinase inhibitor and suppressor of
protein expression of novel PKCs should be studied further using
genetic approaches to knockout or overexpress uORF2 in mice.
The activation and stability of PKCs are dependent on their

phosphorylation, predominantly on the activation loop, turn
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Fig. 4. uPEP2 suppresses tumor development of MDA-MB-231 orthotopic xenograft in NSG mice. (A) Tumor growth curves depicting effects of uPEP2,
uPEP2(-Myr), and control (PBS alone) treatments on tumor volume in NSG mice. (B) uPEP2 significantly attenuates breast tumor mass. Data shows tumor mass
of uPEP2, uPEP2(-Myr), and PBS vehicle control– (mean ± SEM) treated mice (five animals/group). (C) Bioluminescence images depicting reduced tumor
development and metastasis of MDA-MB-231-Luc cells in response to uPEP2 treatment. Breast tumor–bearing NSG mice were treated on alternate days with
intratumor injections of uPEP2 and control peptide (10 mg/kg), and images were taken using the In Vivo Imaging System (Xenogen). The bar diagram shows
quantification of mean bioluminescent intensity at regions of interest in Pixels. The images were captured from three independent mice (n = 3). (D) uPEP2-
treated breast cancer xenografts from NSG mice show reduced proliferation. Tumor tissue sections obtained from MDA-MB-231 breast tumors treated with
PBS (control), uPEP2(-Myr), and uPEP2, respectively, were immunostained with Ki67-specific antibodies. Shown are representative images and graphical
representations of the quantitative analysis of tumor cells with positive Ki67 staining. (E) uPEP2-treated tumors showed increased apoptosis. Tissue slides of
peptide-treated MDA-MB-231 breast tumors (as in D) were tested for apoptotic cells using TUNEL assays. Panels showing fluorescent images of cell nuclei
(stained with DAPI; in blue) and fluorescent images of apoptotic cells (green). (F) uPEP2 down-regulates expression of novel PKCs in MDA-MB-231 xenograft
tumors. Dissected tumors were lysed and subjected to immunoblot analysis as described in Materials and Methods. Comparative quantification of novel,
classical, and atypical PKC protein band signals are represented in the bar diagram. (G) Phosphorylation on PKC substrates is reduced in uPEP2-treated tumor
samples. Western blot analysis of tissue extracts prepared from PBS (control), uPEP2(-Myr), and uPEP2-treated tumors were immunoblotted with an antibody-
detecting phospho-(Ser) of PKC substrates. P values calculated using one-way ANOVA. ***P ≤ 0.001 and ns ≥ 0.05.
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motif, and hydrophobic motif, by external kinases (e.g., PDK1)
or autophosphorylation events (57). Moreover, phosphorylation
of novel PKC isoforms appears to be functionally interdependent
and cross-regulated (58, 59). Thus, the fact that uPEP2 specifi-
cally suppresses the kinase activities of novel PKCs and their
protein levels was confirmed here by lower phosphorylation of
PKC substrates, diminished cell proliferation, and enhanced
apoptosis, further manifested by reduced tumor volume (Fig. 4
and SI Appendix, Fig. S11). As some PKCs might have contra-
dictory effects on cell survival (29, 60), the outcome of the effect
of uPEP2 is likely to be determined by the relative expression of
the individual kinases in the specific tumors. Our studies show
that endogenously expressed uORF2 has a restrictive effect on
cell proliferation as demonstrated by its specific deletion (by
CRISPR/Cas9) (Fig. 3D). When uORF2 is translated, it sup-
presses protein levels not only of its downstream ORF (PKC-η)
but also of other novel PKCs (Fig. 3D). Our results suggest that
binding of the uORF2-translated peptide to novel PKCs reduce
their catalytic activity and protein phosphorylation, which may
affect their protein stability. Although, it should be noted that in
the case of PKC-η, uORF2 could also act as a translational re-
pressor (21). It is of interest that in some tumors, the messenger
RNA (mRNA) transcript of PKC-η is lower compared to their
normal tissues (61), perhaps as a way to overcome limiting ef-
fects of uORF2 on tumor proliferation.
In summary, here we identified a uORF that encodes for a

peptide exhibiting kinase inhibitory functions. This uORF2-
encoded peptide, upstream of PKC-η, contains a PS-like motif,
characteristic of all PKCs, inhibiting their kinase activity. By
mimicking the internal inhibitory PS motif of PKCs, uORF2
possess the ability to directly bind and inhibit the catalytic activity
of all members of the novel PKC subfamily. Moreover, we dem-
onstrate that endogenous deletion of uORF2 relieves its sup-
pressive effects on the protein abundance of PKC-η and novel
PKCs, resulting in their elevated protein levels and increased cell
proliferation. The uORF2-encoded peptide inhibited proliferation
and migration of cancer cells and suppressed the growth of a xe-
nograft of breast cancer tumor in mice models. The histology of
these tumors showed reduced proliferation and enhanced cell
death, exhibiting also lower protein abundance of novel PKCs and
diminished phosphorylation on PKC substrates. Hence, our study
suggests that uORFs may encode biologically active peptides be-
yond their role in regulating the translation of their downstream
ORF. As protein kinase inhibitors, uORF-encoded peptides may
play a role in signaling and stress, acting in cis and/or in trans,
forming diverse regulatory networks, thereby opening new views
into eukaryotic protein regulation and cancer biology.

Materials and Methods
Cell Lines. MCF-7, MDA-MB-231, MDA-MB-231-Luc, HeLa, HaCat, Caco-2,
DU145, and HEK- 293T cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) (no. 01–055-1A, Biological Industries [BI]). BeWo cells were
maintained in 1:1-DMEM-F12 (no. 01–170-1A, BI). T47D, Kasumi-4, MOLT-4,
and U937 were maintained in Roswell Park Memorial Institute 1640 (no.
01–100-1A, BI). MDA-MB-453 and MDA-MB-468 were maintained in Leibo-
vitz L-15 (no. 01–115-1A, BI). HL-60 and MV-4–11 cells were maintained in
Iscove’s Modified Dulbecco’s Medium (no. 01–058-1A, BI). HCT-116 and U2OS
cells were maintained in McCoy’s 5A (no. 01–075-1A, BI). Media were sup-
plemented with penicillin (100 units/mL), streptomycin (0.1 mg/mL), and
L-glutamine (2 mM) plus either 20% fetal bovine serum (FBS) for Caco-2,
Kasumi-4, and HL-60 cells or 10% FBS for the rest of the cell lines. MCF10A
cells were cultured in 1:1-DMEM-F12 supplemented with 5% horse serum,
penicillin (100 units/mL), streptomycin (0.1 mg/mL), insulin (10 μg/mL), hy-
drocortisone (0.5 μg/mL), epidermal growth factor (10 ng/mL), and cholera
toxin (0.1 μg/mL). shPKC-η (sh3-3) cells were maintained in DMEM complete
media containing 0.2 mg/mL Geneticin (G418) (no. 509290, CalbioChem,
MERCK). All cells were maintained in a 37 °C, 5% CO2 humidified incubator.

Peptides. uPEP2(Myr-MASRGALRRCLSPGLPRLLHLSRGLA), uPEP2(10–26)(Myr-CLSP-
GLPRLLHLSRGLA), uPEP2(18–26)(Myr-MLLHLSRGLA), η-PS(Myr-TRKRQRAMRRVHQ-

ING), uPEP2(1–17)(Myr-MASRGALRRCLSPGLPR), uPEP2[A6S/T](Myr-MASRGS/TLRRCL-
SPGLPRLLHLSRGLA), uPEP2-Myc (MASRGALRRCLSPGLPRLLHLSRGLA-EQKLISEEDL),
and KS21-Myc (KNEARPPCLPTPGKREPQGIS-EQKLISEEDL) were synthesized by
GL-Biochem Ltd. All peptides contained N-terminal acetylation and C-terminal
amidation. A myristoyl group was included at the N terminus to enable cell
penetration.

Conservation Analysis. We tested whether the nucleotide sequence of the
human uORF2 is conserved at the genome level in other species by using the
University of California, Santa Cruz browser track “Vertebrate Multiz
Alignment & Conservation of 100 Species.” We focused on five mammalian
species showing conservation, extracted the uORF2 sequence per organism,
and used BLAST to identify the relevant transcript (SI Appendix, Table S1).
RefSeq was used to confirm that the uORF is upstream of the main ORF of
PKC-η. The nucleotide sequence of each uORF was translated to its corre-
sponding amino acid sequence via ExPASy (https://web.expasy.org/translate/)
with default parameters. We used Jalview to illustrate the multiple sequence
alignment, highlighting amino acids with similar chemical features accord-
ing to the Clustal X color scheme. Jalview was also used to view the align-
ment between the PS sequences of human PKCs.

Ribosome Profiling Analysis. To test if PKC-η uORFs are translated, we used
previously published ribosome profiling (RP) data from the GWIPS-viz that
visualizes RP reads across the genome (39). We used the reference genomes
hg38 for human and scanned datasets corresponding to initiating or elon-
gating ribosomes, focusing on the 5′ UTR of PKC-η (SI Appendix, Fig. S1).

Modeling of the Proposed PKC-η–uPEP2 Complex. A crystal structure of PKC-η
was available only for the peptide-free enzyme (Protein Data Bank [PDB]
code 3txo). To model the PKC-η–uPEP2 complex, we turned to homology-
based modeling [Swiss-PdbViewer (62)]. A crystal structure of a peptide-
bound PKC complex was available only for PKC-ι [PDB codes 5li1 and 5lih
(63)]. The sequences of PKC-ι and PKC-η have over 50% identity overall,
and identical peptide-binding segments (residues 412 to 417 of PKC-ι and
513 to 518 of PKC-η). The structures of the two proteins are also very
similar (most residues are within 1Å RMSD), except for 1) phosphorylation
of threonine 412 of PKC-ι and 2) PKC-η at residues 507 to 515 being un-
structured. Modeling the structure of the peptide-binding segment of
PKC-η was straightforward, as the alignment was unambiguous, and the
neighboring segments were practically identical. The modeling of the
bound peptide was more complex, as the template peptides had low se-
quence similarity among themselves and with uPEP2. Yet, starting from
the phosphorylation-target serine, the known structures of the peptide-
bound PKC-ι had four identical peptide residues. Alanine 6 of uPEP2 is
analogous to the phosphorylation-target serine. Using it as an anchor for
the alignment revealed two identical residues with the peptide of 5lih
(arginine 8 and 9) within the structurally conserved segment, and thus, we
used 5lih as the modeling template. The model included only the first nine
residues of uPEP2, as none of the available templates could suggest the
conformation of uPEP2 C terminus.

DNA Constructs. The uORF-luciferase fusion plasmids were constructed based
on sequences of the previously described wild-type (WT), mut1, and mut2
constructs (21). An intermediate plasmid harboring a mutation at the initi-
ation codon of the main ORF (the Luc-mut plasmid) was generated using
primers #1 and #2 (SI Appendix, Table S2) (synthesized at Sigma). A PKC-η
mRNA segment containing uORF1 (not including the stop codon) was am-
plified from the WT plasmid using primer #3 (SI Appendix, Table S2). The
resulted amplicon was then digested by SacI and AvrII (no. R0156S, no.
R0174S, New England Biolabs, Inc. [NEB]) and cloned into the corresponding
sites of the WT plasmid to generate the Fus1 plasmid. An identical amplicon
containing a mutation in the initiation codon of uORF1 was amplified from
the mut1 plasmid using these primers to generate the Fus1 NC plasmid. A
PKC-η mRNA segment containing uORF1 and uORF2 (not including the stop
codon of uORF2) was amplified from the WT plasmid using primer #4 (SI
Appendix, Table S2). The resulting amplicon was digested by SacI and AvrII
and cloned into the corresponding sites of the WT plasmid to generate the
Fus2 plasmid. An identical amplicon containing a mutation in the initiation
codon of uORF2 was amplified from the mut1 plasmid using these primers to
generate the Fus2 NC plasmid.

Expression Plasmids pLV(uORF2) and pLV(uORF2mut) were designed (by
us) and manufactured by VectorBuilder Inc. Vector details are available in
SI Appendix, Table S3.
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LENTICRISPRv2 Construction. We engineered a CRISPR-Cas9 Lentiviral system
based on the protocol perfected by the Zhang laboratory (63, 64). For PKC-η
uORF2 guide RNA (gRNA) vector cloning, a custom single gRNA sequence
that targets the uORF2 region of the human PRKCH gene (5′-CACCGTTAG-
GCGCTGCCTTTCCCCA-3′) and a nonspecific scrambled sequence (5′-CACCGA-
TCGTTTCCGCTTAACGGCG-3′) were designed using Benchling software and
synthesized from IDT-Syntezza. The LentiCRISPRv2Puro vector (no. 98290,
Addgene) was digested using BsmBI (no. R0739, NEB) and dephosphorylated
using shrimp Alkaline phosphatase (no. M0371S, NEB) for 30 mins at 37 °C.
The digested plasmid was purified using a Universal DNA Purification Kit
(no. DP214-02, TIANGEN BIOTECH). The gRNA and scramble oligos were
phosphorylated and annealed using T4 PNK (no. M0201S, NEB) in T4 ligation
buffer (no. M1801, Promega) in the following parameters: 37 °C, 30 min;
95 °C, 5 min; and ramp down to 25 °C at 5 °C/min. A total of 50 ng BsmBI
digested plasmid and 1:100 diluted oligos were ligated using T4 ligase (no.
M2200S, NEB) for 30 min at RT. The ligation mix was transformed into DH5-α
(no. 18265017, Thermo Scientific Inc.), spread on Ampicillin agar plates, and
incubated O/N at 37 °C. Positive clones were picked and cultured, and
cloning was confirmed by sequencing.

Lentiviral Production and Transduction. LentiCRISPRv2Puro carrying PKC-η
uORF2 gRNA, scrambled constructs, or pLV(uORF2) plasmids (7 μg) were
packaged into lentiviral particles using a mix of plasmids (7 μg) containing
lentiviral packaging genes pCMV-VSV-G (no. 8454, Addgene) and psPAX2
(no. 12260, Addgene) in the ratio 1:9, respectively. The mix in combination
with the specific plasmid was transfected into subconfluent HEK-293T using
polyethylenimine reagent (no. 23966–1, Polysciences, Inc.). The 293T cells
were then maintained in DMEM supplemented with 10% FBS and anti-
biotics and incubated overnight at 37 °C and 5% CO2. The medium was
replaced 24 h after transfection, and 48 h later, the supernatants were
collected, and the cell debris was removed by centrifugation and passed
through a 0.45-μm filter. The viruses were concentrated using Amicon
filter tubes (100 kDa MWCO) (no. ACS510024, Merck Millipore). A fresh
culture of MCF-7 cells or the shPKC-η (sh3-3) clone was then infected with
100 μL concentrated virus suspension mix. Positive clones were isolated
by Puromycin selection (5 μg/mL), and single-cell clones isolated were
confirmed using PCR and sequencing. The uORF2 deletion in the single-
cell clones established were confirmed by sequence analysis of PCR
products obtained using primers (Forward: 5′-TTGGAAGGGACGGTCGG-
3′; Reverse: 5′-GTTAGCGCAAAACTCCTCGT-3′) flanking the targeted
DNA loci. Cell lysates were prepared using radioimmunoprecipitation
assay (RIPA) buffer (10 mM Tris HCl pH 8.0, 100 mM NaCl, 5 mM ethylene
glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA), 1%
Nonidet P-40, 45 mM β-mercaptoethanol, 10 mM ethylenediaminetetra-
acetic acid (EDTA) pH 8.0, and 50 mM NaF) including protease and
phosphatase inhibitors (1 mM phenylmethylsulfonyl fluoride, 10 μg/mL
Aprotinin, 10 μg/mL Leupeptin, 1 mM Na3VO4, 5 mM Na4P2O7, and 50 mM
β-glycerol) and were separated on either 10% polyacrylamide or 16.5%
Tris-Tricine gels and immunoblotted with the PKC-specific antibodies.

Immunoprecipitations and In Vitro Kinase Assays. Immunoprecipitation and
kinase assays were performed as described (23) using MBP (no. M1891,
Sigma-Aldrich) (5 μg/100 μL reaction mix) as a substrate in the presence or
absence of the indicated peptides. Briefly, HEK-293T lysates over-
expressing HA-tagged PKCs (100 μg/sample) were immunoprecipitated
using immobilized anti-HA Abs followed by the addition of indicated
peptides and kinase reaction mixture (10 mM MgCl2, 20 mM Hepes,
0.1 mM EGTA, 50 μg/mL phosphatidylserine, 100 μM ATP, and 5 μCi γ-[32P]
ATP [PerkinElmer]) plus either phorbol-12-myristate-13-acetate (PMA)
(100 nM) and CaCl2 (0.3 mM) for classical PKCs or PMA (100 nM) for novel
PKCs. Samples were incubated for 30 min at 32 °C with gentle shaking,
and reactions were terminated by the addition of 5× sample buffer and
boiling for 5 min. Samples were then subjected to sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis on 10% gels followed by a
protein transfer to a nitrocellulose membrane (Sigma-Aldrich). After the
detection of the phosphorylated substrate (32P-MBP) by autoradiogra-
phy, the membranes were sequentially immunoblotted with anti-HA and
anti-MBP Abs. 32P-MBP and MBP protein band signals were quantified
using the Image Lab software (6.0.1).

Immunoprecipitation of the endogenous uORF2-encoded peptide was
performed using MOLT4 and BeWo cells following treatment with 50 μM
Bortezomib (PS-341) (no. S1013, SelleckChem) for 4 h in serum-free DMEM
(to prevent protein degradation before lysis). Cells were washed with
phosphate-buffered saline (PBS) and lysed as described before (23). Protein
A beads (no. sc-2001, Santa Cruz Biotechnology) (20 μL) were coated with

uORF2 antibody (anti-uPEP2; 30 μg/sample) for 1 h in 4 °C followed by two
PBS washes. Cell lysates (1 to 1.5 mg/sample) were added to the bead anti-
body complex and incubated at 4 °C overnight. An anti-rabbit IgG isotype
control was also used in immunoprecipitation simultaneously. Samples were
prepared with Tricine sample buffer (no. 161–0739, Bio-Rad Laboratories,
Inc.) and run on 16.5% Tris-Tricine gels.

To perform immunoprecipitation assays of Myc-tagged peptides with
PKCs, HEK-293T cells were transfected with HA-tagged PKC constructs as
described in ref. 23. Cell lysates were prepared using RIPA lysis buffer.
Immunoprecipitation assays were performed using anti-Myc Abs. Anti-Myc
mAbs were preadsorbed on protein A/G-agarose beads (no. sc-2003, Santa
Cruz Biotechnology) for 1 h at 4 °C. Excess antibody was removed using
wash buffer (25 mM Tris/HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1% Triton
X-100) followed by the addition of indicated control or Myc-tagged pep-
tides and HEK-293T cell lysates overexpressing different PKC isoforms for
16 h at 4 °C. Immune complexes were washed extensively with wash buffer
followed by the addition of SDS sample buffer or Tricine sample buffer,
and the corresponding samples were subsequently run on either 10%
polyacrylamide or 16.5% Tris-Tricine gels and immunoblotted with PKC-
specific antibodies.

Antibodies. Details of antibodies used in this study are given in SI Appendix,
Table S4.

Cell Viability Assays. Cells were seeded in 96-well plates (5 × 103 cells/well) and
grown for 16 to 24 h. The indicated peptides were added in serum-free media
for 4 h and replenished with serum for 24 h. XTT (2,3-bis-(2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilide) assays were conducted according
to the manufacturer’s instructions (no. 20–300-1000, BI). The plates were im-
mediately read in a Multiskan Spectrum reader (Thermo Fisher Scientific). Cells
plated at different densities in 96 wells at serial dilutions (1.25 to 20 × 103 cells)
were assayed by XTT after 24 h to generate a standard curve of cell number
versus absorbance for all cell lines. Each experiment was repeated at least
three times in triplicates. For cell proliferation assays of uORF2-mutated/con-
trol (CRISPR/Cas9) MCF-7 clones, cells were seeded (5 × 103 cells/well) in 96-well
plates. Cells were trypsinized, collected, and counted using an automated cell
counter (Countess II FL, Thermo Scientific Inc.) at intervals of 24 h for a period
of 5 d.

Wound Healing (Scratch) Assays.MCF-7, MDA-MB-231, andMCF10A cells were
seeded in 24-well plates and grown to confluence. A gap in the confluent
monolayer (middle of the well) was created using a sterile pipette tip (200 μL)
followed by two PBS washes. Subsequently, medium containing low serum
(2% for MCF-7, 0.1% for MDA-MB-231, and 5% for MCF10A) and the indi-
cated peptides (5 μM)were added to the wells for 4 h. The respective complete
media (with peptides) were readded, and wells were photographed (three
images for each well at the indicated time points) at 4× magnification with an
IX70 Olympus Optical light microscope. The wound areas were measured and
normalized to time 0 using ImageJ software (1.53i).

Orthotropic Breast Cancer Models in Mice. All in vivo experiments were con-
ducted using 6- 8-wk-old NSGS (The Jackson Laboratory, NOD.Cg-Prkdcsci-
dIl2rgtm1Wjl/SzJ), or NOD-SCID mice (Envigo, NOD.CB1 Prkdcscid/NCrHsd).
MDA-MB-231-Luc cells (4 × 106) were suspended in PBS (100 μL) and injected
subcutaneously in the mammary fat pad of NSG or NOD-SCID mice (65).
When tumors reached an average size of ∼100 mm3, mice were randomized
into three groups (five mice/group) and injected intratumor with PBS,
uPEP2(-Myr), or uPEP2 (10 mg/kg) on alternate days.

Tumor volume was measured three times a week using a digital Vernier
caliper. The tumor volumes (mm3) were calculated using the following
formula V = (W2 × L)/2 (V, tumor volume; W, tumor width; L, tumor
length). Mice were killed when tumors reached ∼10% of body weight
(∼2,000 mm3). At the end of the experiment, all animals were weighed,
euthanized, and liver, lung, spleen, kidney, brain, and tumors were
harvested. The weights of tumors and organs were recorded. Part of the
tumors were preserved in 4% paraformaldehyde for histology and im-
munohistochemistry analysis. For immunoblot analysis, the dissected
tumors were snap frozen in liquid nitrogen. Tumor tissue samples (25
mg) were homogenized in RIPA buffer (500 μL) containing protease in-
hibitors followed by sonication for 3 to 5 min. Homogenized tissues were
centrifuged at 16,000 × g for 20 min at 4 °C, and supernatants were
collected and subjected to Western blot analysis.

Whole-body images of luciferase expression in NSG/NOD-SCID mice were
monitored using the Xenogen In Vivo Imaging System (Xenogen). After
anesthetizing the mice, 200 μL of D-luciferin (15 mg/mL) (no. LUCK-1G, Gold
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Biotechnology) was injected intraperitoneally, and in vivo imaging analysis
was performed. Luciferase expression data were quantified using Living
Image software (4.7.3) in a fixed region of interest in Pixels.

Immunohistochemistry and TUNEL Assay. Formalin-fixed, paraffin-embedded
blocks with tumor samples were sectioned at a thickness of 5 μm using a fully
automated rotary microtome (no. RM2255, Leica), dried for 1 h at 65 °C, de-
paraffinized, and rehydrated. The slides were incubated in 10 mM citric acid
buffer, pH 6.0 at 100 °C for 20 min for antigen retrieval. The endogenous
peroxidase activity was blocked with H2O2 (0.3%). Sections were then
blocked for 1 h at room temperature with blocking solution (0.1% Tween,
5% bovine serum albumin) followed by incubation with primary antibody
Ki67 (1:500). The VECTASTAIN ABC Kits (no. PK-6200, Vector Laboratories,
Inc.) were used for detection according to the manufacturer’s protocol.
Paraffin-embedded tissue slides were pretreated, and TUNEL assay (no.
G3250, DeadEnd Fluorometric TUNEL System, Promega) was performed
according to the manufacturer’s protocol to detect apoptosis. Images were

captured by a PANNORAMIC MIDI scanner (3DHISTECH) and analyzed by
QuPath software (0.2.1). The number of positive nuclei and the annotated
area of each tissue of both Ki67 and TUNEL were calculated, and the
results are denoted as the percentage of cells with positive nuclei using
the software.

Statistical Analysis. The statistical significance of differences between ex-
perimental groups was determined using the unpaired two-tailed Student’s
t test and the ANOVA test of variance in cases of multiple variables (using
GraphPad Prism 5.2.1 software). P value < 0.05 was considered statistically
significant.

Data Availability.All study data are included in the article and/or SI Appendix.
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