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The chaperone protein SmgGDS promotes cell-cycle progression
and tumorigenesis in human breast and nonsmall cell lung cancer.
Splice variants of SmgGDS, named SmgGDS-607 and SmgGDS-558,
facilitate the activation of oncogenic members of the Ras and Rho
families of small GTPases through membrane trafficking via reg-
ulation of the prenylation pathway. SmgGDS-607 interacts with
newly synthesized preprenylated small GTPases, while SmgGDS-
558 interacts with prenylated small GTPases. We determined that
cancer cells have a high ratio of SmgGDS-607:5SmgGDS-558 (607:558
ratio), and this elevated ratio is associated with reduced survival of
breast cancer patients. These discoveries suggest that targeting
SmgGDS splicing to lower the 607:558 ratio may be an effective
strategy to inhibit the malignant phenotype generated by small
GTPases. Here we report the development of a splice-switching
oligonucleotide, named SSO Ex5, that lowers the 607:558 ratio by
altering exon 5 inclusion in SmgGDS pre-mRNA (messenger RNA).
Our results indicate that SSO Ex5 suppresses the prenylation of
multiple small GTPases in the Ras, Rho, and Rab families and inhibits
ERK activity, resulting in endoplasmic reticulum (ER) stress, the un-
folded protein response, and ultimately apoptotic cell death in breast
and lung cancer cell lines. Furthermore, intraperitoneal (i.p.) delivery
of SSO Ex5 in MMTV-PyMT mice redirects SmgGDS splicing in the
mammary gland and slows tumorigenesis in this aggressive model
of breast cancer. Taken together, our results suggest that the high
607:558 ratio is required for optimal small GTPase prenylation, and
validate this innovative approach of targeting SmgGDS splicing to
diminish malignancy in breast and lung cancer.
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mgGDS (gene name RAP1GDS1) is a chaperone protein

that promotes malignancy by binding and promoting the
prenylation of multiple small GTPases that contain a C-terminal
polybasic region (PBR), such as Racl, RhoA, KRas, and Rapl
(1-8). These small GTPases are commonly mutated or overex-
pressed in different types of cancer, which accelerates malignant
transformation and tumor development (9-11). The oncogenic
potential of SmgGDS is indicated by its elevated expression in
breast (3), nonsmall cell lung (12), and prostate (13) cancer, and
by the demonstration that SmgGDS depletion diminishes breast
and lung tumorigenesis in mouse models (3, 14).

We previously identified 2 SmgGDS isoforms, SmgGDS-607
and SmgGDS-558, that are generated through alternative RNA
splicing (1). These isoforms function together to regulate the
entrance of PBR-containing small GTPases into the prenylation
pathway and their subsequent membrane trafficking (1, 2, 15).
SmgGDS-607 binds and delivers preprenylated small GTPases to
prenyltransferases (PTases), while SmgGDS-558 binds small
GTPases only after they have been prenylated. The ability of
these SmgGDS isoforms to promote the prenylation and oncogenic
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activities of small GTPases makes SmgGDS a novel therapeutic
candidate in cancer, but strategies to limit SmgGDS activity have
not been developed. There have been many therapeutic attempts to
directly inhibit the prenylation of oncogenic small GTPases using
farnesyltransferase (FTase) inhibitors and geranylgeranyltransferase
(GGTase) inhibitors, but these approaches have proven to be
less clinically effective than anticipated. The failure of these
drugs to inhibit malignancy therapeutically is largely due to the
ability of certain GTPases such as KRas to accept a geranylgeranyl
isoprenoid group upon treatment with FTase inhibitors, allowing
for full functionality to be sustained (16). Since SmgGDS acts as a
global regulator of the prenylation pathway for both farnesylated
and geranylgeranylated small GTPases (1, 2), targeting the splice
variants of SmgGDS may provide a new way to effectively inhibit
the malignancy of cancers that are sensitive to the disruption of
small GTPase prenylation.

We report here that cancer cell lines and tumor tissues have an
oncogenic splicing program that generates more SmgGDS-607
than SmgGDS-558, resulting in an abnormally high ratio of
SmgGDS-607:SmgGDS-558 (607:558 ratio). Previous studies to
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diminish SmgGDS-607 or SmgGDS-558 expression in cancer
cells have had mixed results. The RNA interference (RNAi)-
mediated depletion of SmgGDS-607 inhibits cell proliferation in
the NCI-H1703 lung cancer cell line (14), but not in other lung
and breast cancer cell lines (3, 14), most likely because SmgGDS-
607 expression could not be reduced enough in these lines to
suppress its functions. In contrast, the RNAi-mediated depletion
of SmgGDS-558 significantly slows proliferation and inhibits
tumorigenesis of breast and lung cancer cells (3, 14), indicating
that cancer cells require a threshold level of SmgGDS-558 to
maintain the malignant state. In this study, we used a different
approach to suppress the oncogenic functions of SmgGDS, by
targeting the splicing program that generates the high 607:558
ratio. The targeting of aberrant alternative splicing for cancer-
associated genes is an attractive therapeutic approach, as onco-
genic splice isoforms are highly prevalent in cancer and provide
growth and survival advantages that drive tumorigenesis (17-19).
We have developed a splice-switching oligonucleotide (SSO)
as a therapeutic strategy to redirect SmgGDS splicing and reduce
the high oncogenic 607:558 ratio of cancer cells. We demonstrate
that this SSO, called SSO EXx5, decreases the 607:558 ratio and
significantly suppresses global protein prenylation. SSO Ex5 in-
duces apoptotic cell death in breast and lung cancer cell lines,
and diminishes mammary tumorigenesis in transgenic MMTV-
PyMT mice. Collectively, these findings suggest that cancer cells
require a high 607:558 ratio for optimal prenylation of oncogenic
small GTPases. The effectiveness of SSO Ex5 in modulating
SmgGDS splicing to diminish malignant phenotypes and inhibit
tumor growth provides a strong rationale for targeting the
607:558 ratio in the treatment of breast and lung cancer.

Results

An Elevated 607:558 Splice Variant Ratio Is Expressed in Cancer Cells
and Tumor Tissue and Correlates with Decreased Survival of Patients
with Breast Cancer. SmgGDS total expression is elevated in cancer
(3, 12, 13) and correlates with reduced survival of breast cancer
patients (3). We investigated the expression of the individual
SmgGDS splice variants by immunoblot in proliferative versus
nonproliferative tissue types. The 607:558 ratio is higher in tissues
composed of proliferating cells, such as the spleen (Fig. 14, lanes
11 and 12, and Fig. 1B), but much lower in tissues consisting
mainly of nonproliferating and terminally differentiated cells, such
as the heart and brain (Fig. 14, lanes 5, 6, 13, and 14, and Fig. 1B).
Most notably, the 607:558 ratio is highest in human cancer cells
(Fig. 14, lanes 1 to 4, and Fig. 1B).

To assess the translational importance of the 607:558 ratio in
cancer outcome, we compared patient survival with SmgGDS
isoform transcript levels from tumor RNA-seq (sequencing) data
of 710 female breast cancer cases (The Cancer Genome Atlas
[TCGA] SpliceSeq database, BRCA cohort). This analysis revealed
a significant correlation between the expression of the shorter splice
variant isoform SmgGDS-558 and increased patient survival (HR
[hazard ratio] = 0.63, P = 0.024) (Fig. 1C). In comparison, the
survival probability of patients with breast tumors that have
lower expression levels of SmgGDS-558, and thus a higher 607:558
ratio, is significantly reduced (Fig. 1C). These data suggest that the
607:558 ratio is translationally relevant to breast cancer patient
survival, with a lower 607:558 ratio in tumor tissue being asso-
ciated with a more favorable outcome.

To determine if the 607:558 ratio is altered in animal models
of cancer, we utilized 2 different model systems. The carcinogen
DMBA (7,12-dimethyl-benz[a]-anthracene) has been well-characterized
for generating mammary tumors in rats to model human breast
cancer (20-22). We treated rats with a single dose of either vehicle
control or DMBA and killed the rats after mammary tumors had
developed in the DMBA-treated animals. Interestingly, not only
does the total expression level of SmgGDS increase in the
mammary tumors of DMBA-treated rats, but the 607:558 ratio
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is also significantly elevated (Fig. 1D). We also assessed the 607:558
ratio using MMTV-PyMT mice, in which aggressive mammary
tumors develop as early as 5 wk of age with 100% incidence by
6 mo (23). Tumor progression occurs in this model in 3 distinct
stages: hyperplasia from 4 to 6 wk; adenoma/mammary intra-
epithelial neoplasia (MIN) from 6 to 8 wk; and early/late carcinoma
by 8 to 12 wk (24, 25). We compared cancer-imminent MMTV-
PyMT*'* female mice with healthy age-matched MMTV-PyMT"?
female mice and assessed the 607:558 ratio in their mammary
glands or tumor tissues at 4, 8, and 12 wk of age. The 607:558 ratio
is significantly elevated in the mammary tissue of MMTV-PyMT*"*
mice at 8 and 12 wk of age compared with healthy MMTV-
PyMT"" mice (Fig. 1 E and F). Taken together, these findings
indicate that a high 607:558 ratio may act as a driver of malignant
transformation and tumor progression in multiple animal models
of cancer.

A Splice-Switching Oligonucleotide Targeted to Exon 5 of SmgGDS
pre-mRNA Reduces the 607:558 Ratio in Human Cancer Cells. To
test the oncogenic potential of a high 607:558 ratio, we developed
SSOs that target the exon 5 region of SmgGDS pre-mRNA (messenger
RNA) and reduce the 607:558 ratio. SmgGDS pre-mRNA con-
sists of 15 exons, and the 607:558 ratio is dependent on alternative
splicing of exon 5, which encodes armadillo (ARM) domain C that
is included only in SmgGDS-607 (1, 2) (Fig. 24). Crystallography
studies recently confirmed these structural differences in ARM
domains between the 2 isoforms (26, 27).

We screened 40 separate SSOs surrounding and encompassing
exon 5 in MDA-MB-231 breast cancer cells. Each antisense SSO
base pairs with a specific target region of SmgGDS pre-mRNA
to potentially occlude the binding of undefined spliceosome
factors and redirect the splicing pattern of SmgGDS. We identi-
fied SSO Ex5 that targets exon 5 and reduces the 607:558 RNA
ratio most significantly (Fig. 2 B and C and SI Appendix, Fig. S1).
Additionally, an SSO targeted to the downstream intronic region,
called SSO Ctrl, acts as a negative control, as it does not alter the
607:558 RNA ratio compared with cells treated with transfection
reagent alone (mock) (Fig. 2 B and C and SI Appendix, Fig. S1).
We then assessed whether the observed SmgGDS RNA isoform
alterations are reflected in protein production by treating 4 different
human breast cancer cell lines and 3 different human nonsmall cell
lung cancer (NSCLC) cell lines (SI Appendix, Table S1) with
mock, SSO Ex5, or SSO Ctrl. SSO ExS5 efficiently reduces the
607:558 protein ratio in all cell lines, while SSO Ctrl has a
minimal effect on the 607:558 protein ratio (Fig. 2 D and E). The
total level of SmgGDS protein was not significantly altered by
either SSO Ex5 or SSO Ctrl (ST Appendix, Fig. S2).

SSO Ex5 Diminishes the Proliferation of Breast and Lung Cancer Cell
Lines and Induces Apoptotic Cell Death. To investigate changes in
cell proliferation induced by SSO Ex5, we tested the effects of SSO
Ex5 on uptake of [*H]thymidine, which is an indicator of cell-cycle
progression (3, 12, 14). We found that [*H]thymidine uptake is
significantly inhibited by SSO Ex5 in 7 different cancer cell lines
(Fig. 34). Furthermore, treatment with SSO Ex5 diminishes the
number of viable cells in cultures of NCI-H1703 lung cancer cells
(Fig. 3B) and MDA-MB-231 breast cancer cells (SI Appendix, Fig.
S3). Interestingly, cell proliferation is inhibited more by SSO Ex5
than by SmgGDS small interfering RNA (siRNA) (Fig. 3B and SI
Appendix, Fig. S3), which depletes both SmgGDS isoforms and was
previously found to diminish proliferation by inducing a G;-phase
cell-cycle arrest (3, 14, 28). This result demonstrates a higher
sensitivity of cancer cells to the reduction of the 607:558 ratio
compared with the depletion of SmgGDS total levels by siRNA.
We next investigated whether the reduced proliferation and
viability of SSO Ex5-treated cells is caused by apoptotic cell
death. We found that SSO ExS5 significantly elevates the expression
of the apoptotic marker cleaved caspase-3 and its downstream
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Fig. 1. Elevated 607:558 ratio is associated with malignancy. (4) Lysates prepared from human cancer cell lines (lanes 1 to 4) and adult mouse tissues (lanes 5
to 18) were run on SDS/PAGE at the indicated amount of protein per lane and immunoblotted for SmgGDS and -actin. (B) Densitometry of immunoblots was
performed to quantify the 607:558 ratio in human cancer cell lines (n = 6) and adult mouse tissues (n = 3). Results are presented as mean + SEM. OD, optical
density. (C) TCGA SpliceSeq data from 710 female patients with breast cancer were used to produce a Kaplan-Meier plot of survival probability based on
expression levels of SmgGDS-558 mRNA that generate either a high or low 607:558 mRNA ratio. Data were analyzed by Cox regression to assess statistical
significance (*P < 0.05). (D) Rats were treated with vehicle or DMBA and killed after tumors formed in the DMBA-treated rats (n = 4 rats per treatment group).
Lysates prepared from either normal mammary tissue (lanes 1 to 6) or mammary tumor tissue (lanes 7 to 9) were run on SDS/PAGE at the indicated amount of
protein per lane and immunoblotted for SmgGDS and -actin. Representative immunoblots from 2 rats are shown (Top). Densitometry of the immunoblots
from all rats was performed to quantify the 607:558 ratio in each tissue type (Bottom). Results are presented as mean + SEM, and statistical significance was
determined by unpaired, 2-tailed Student t test (ns, not significant; *P < 0.05). (E) Normal mammary and mammary tumor tissues were collected from MMTV-
PyMT®® and MMTV-PyMT*"* mice at 4, 8, and 12 wk of age. Lysates were generated and immunoblotted for SmgGDS and GAPDH (n = 3 mice per genotype
and age cohort). (F) Densitometry of the immunoblots from E was performed to calculate the 607:558 ratio. Results are presented as mean + SEM, and

statistical significance was determined by unpaired, 2-tailed Student t test at each age time point (ns, not significant; **P < 0.01).

target, cleaved PARP, in NCI-H1703 cells (Fig. 3C and SI Appendix,
Fig. S44) and in MDA-MB-231 cells (SI Appendix, Fig. S4 B and C).
For both cell lines, SmgGDS siRNA treatment did not significantly
increase cleaved caspase-3 or cleaved PARP levels (Fig. 3C and
SI Appendix, Fig. S4). This result indicates that unlike SSO Ex5,
SmgGDS depletion using siRNA does not induce apoptosis, consis-
tent with our previous report (14). We further evaluated apoptosis
induced by SSO Ex5 by using fluorescein isothiocyanate (FITC)-
labeled annexin V and propidium iodide (PI) staining, followed by
flow cytometry. SSO Ex5 significantly induces apoptosis from 24
to 96 h in NCI-H1703 cells (Fig. 3D). MDA-MB-231 cells exhibit
a more subtle apoptotic response, but similar trends for live and
dead cell populations are observed (SI Appendix, Fig. S5).
Apoptosis induced by SSO Ex5 may be caused by the com-
bined effects of reduced SmgGDS-607 expression and increased
SmgGDS-558 expression. We previously reported that the RNAi-
mediated depletion of SmgGDS-607 diminishes the malignant
phenotype of NCI-H1703 cells (14), supporting the conclusion
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that loss of SmgGDS-607 expression contributes to the anti-
malignant effect of SSO Ex5. To test the effects of increased
SmgGDS-558 levels on apoptosis, we ectopically expressed
SmgGDS-558 to reduce the 607:558 ratio. Intriguingly, we found
that increasing SmgGDS-558 levels alone induces apoptosis in
both NCI-H1703 and MDA-MB-231 cells (SI Appendix, Fig. S6).
Collectively, these findings indicate that both the loss of
SmgGDS-607 and the gain of SmgGDS-558 likely suppress the
malignant phenotype when cells are treated with SSO Ex5.

SSO Ex5 Inhibits the Prenylation and Downstream Signaling of
Multiple Small GTPases. To assess whether reducing the 607:558
ratio disrupts prenylation, we tested the incorporation of a synthetic
isoprenoid probe, C15AIkOPP (29), after SSO treatment and
conducted analysis by in-gel fluorescence and mass spectrometry
(Fig. 44). In-gel fluorescence analysis indicated that SSO Ex5
diminished probe incorporation in both NCI-H1703 cells (Fig. 4
B and C) and MDA-MB-231 cells (SI Appendix, Fig. S7).
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Fig. 2. SmgGDS-607:SmgGDS-558 ratio is reduced in cancer cells by splice-switching oligonucleotides. (A) PyMOL homology models of SmgGDS-607 and
SmgGDS-558 protein structures (2) (Top) and mRNA exon sequences (Bottom) are shown. SmgGDS-607 contains 13 ARM domains, labeled A to M, and differs
from SmgGDS-558 only by the presence of ARM C (yellow shading). SmgGDS pre-mRNA is composed of 15 exons, labeled 1 to 15, and exon 5 (yellow circle)
encodes ARM C. (B) Green lines depict 40 oligonucleotides aligning with SmgGDS pre-mRNA that were screened for regulation of exon 5 splicing. Red lines
depict regions targeted by SSO Ex5 and SSO Ctrl. (C) Semiquantitative 32P RT-PCR PAGE analysis of SmgGDS-607 and SmgGDS-558 mRNA levels was conducted

after MDA-MB-231 cells were treated for 72 h with transfection reagent alon

e (mock) or 1 of the oligonucleotides depicted in B. Results are presented as

mean + SEM (n = 3). (D) The indicated breast and lung cancer cell lines were transfected with mock, SSO Ex5 (50 nM), or SSO Ctrl (50 nM) for 72 h and lysates
were immunoblotted for SmgGDS and p-actin. Representative immunoblots are shown. For some immunoblot images, white lines between lanes are used to
indicate protein lanes on the same gel that were nonadjacent. (E) Densitometry was performed for MDA-MB-231 and NCI-H1703 immunoblots to quantify the
607:558 ratio after treatment with mock, SSO Ex5, or SSO Ctrl for 72 h. Results are presented as mean + SEM (n = 6 for each cell line).

Prenylation analysis using pull-down enrichment and mass
spectrometry proteomics identified multiple small GTPases and
other prenylated proteins that have reduced probe incorporation
in cells treated with SSO Ex5 (Fig. 4 D and E and Datasets S1
and S2). Prenylated proteins were found to dominate the portion
of enriched proteins, as about 75% of proteins with significantly
suppressed labeling are known prenylation substrates. Surpris-
ingly, the population of proteins that exhibit significantly de-
creased prenylation with SSO Ex5 treatment consists largely of
substrates that have never been reported to interact with SmgGDS
or associate with SmgGDS signaling, and include proteins that
are substrates for all 3 of the primary PTase enzymes: FTase,
geranylgeranyltransferase type I (GGTase-I), and Rab geranylgeranyl-
transferase type II (GGTase-II) (Fig. 4 D and E).

To validate these findings using another approach, we tested
whether SSO Ex5 alters the prenylation of Racl, which is a well-
documented binding partner of SmgGDS (1, 30). Using a
mevastatin block-and-release assay (1, 4, 31), we found that SSO
Ex5 moderately decreases the accumulation of Racl in the de-
tergent phase after mevastatin is removed and isoprenoid pro-
duction resumes (SI Appendix, Fig. S8). This result is consistent
with SSO Ex5 slowing the conversion of Racl from the pre-
prenylated form (which fractionates in the aqueous phase) to the
prenylated form (which fractionates in the detergent phase).
Together, these results indicate that reducing the 607:558 ratio
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with SSO Ex5 inhibits the prenylation of small GTPases known
to interact with SmgGDS isoforms, and also diminishes the
global prenylation of other protein substrates.

To further investigate the effect that SSO Ex5 has on pathways
involving small GTPases and oncogenic signaling, we conducted
RNA-seq analysis. Ingenuity Pathway Analysis (IPA) revealed
that the top intracellular and second-messenger pathways that
are down-regulated by SSO ExS5 consist mainly of canonical small
GTPase signaling networks that include Rac, RhoA, PI3K/AKT,
and ERK/MAPK (Fig. 4F, SI Appendix, Fig. S9, and Datasets S3
and S4). Moreover, phospho-ERK1/2 activation levels are significantly
diminished at steady state following SSO Ex5 treatment in multiple
cancer cell lines (Fig. 4G and SI Appendix, Fig. S10), suggesting an
involvement of decreased Ras and Rac signaling in the anti-
malignant effects produced by reducing the 607:558 ratio.

SSO Ex5 Causes Endoplasmic Reticulum Stress and Activates the
Unfolded Protein Response. In addition to the identified small
GTPase pathways that are down-regulated by SSO Ex5, RNA-
seq analysis also revealed multiple endoplasmic reticulum (ER)
stress- and unfolded protein response (UPR)-associated factors
that are among the top up-regulated genes in NCI-H1703 and
MDA-MB-231 cells following SSO Ex5 treatment (Fig. 54 and
Datasets S3 and S4). These factors include key canonical ER
stress and UPR genes such as ATF4, DDIT3 (CHOP), PPP1R15A

Brandt et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914153117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914153117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914153117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914153117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914153117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914153117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914153117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914153117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914153117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1914153117

O MDA-MB-231

A B MDA-MB-468 = NG
55 12 = I‘\Fdfic'f'FDT = 55 12 B NCI-H3255
5% = S T ns Ns Ns
23 25
= =
&, = oc
=3 =3
S 5 S g
2 2K
8T T
A 2=
Mock SSOEx5 SSOCtrl Mock SSOEx5 SSO Ctrl
&
B NCI-H1703 Cells C & N &
— 2oy
© 5 14007 & Mok ¢ £ &I S
T2 42004 -+ ssoc WL TR
o8 * SSOEXS 1 2 3 45 &
2o 10004 4= NTsiRNA
=2 goo SmgGDS siRNA Procaspase-3—{ M-—"
“>_ g Cleaved _ - -
ST 600 Caspase-3
£E 400 i Cleaved PARP— -
£% 200 SmgGDS-607 -
E 9GDS-607 | i
Zz 8 . . . i SmgGDS-558 s
0 24 48 72 96 BrACHN | ———— ———

D

Hours Post-Transfection

NCI-H1703 Cells

NCI-H1703 Cells

NCI-H1703 Cells

NCI-H1703 Cells

Live Early Apoptotic Late Apoptotic/Dead
.t'% 190 8 # & *kK
E_ 80 6 dede *kk
& 50
= 60
D 4
© 404 & Mock 25
*g # SSOEx5 *kx 2 ke ek
F 201 = ssoc
S o4 . - . . oW . . . .0
S 0 24 48 72 96 0 24 48 72 96 0 24 48 72 96

Hours post-transfection Hours post-transfection Hours post-transfection
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control for induction of apoptotic factors. Mean normalized densitometry values for cleaved caspase-3 and cleaved PARP are shown in S/ Appendiix, Fig. S4A (n =
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(GADD?34), GADD45A (GADDA45), XBP1, EIF2AK3 (PERK),
and ATF3. Furthermore, IPA of NCI-H1703 cells treated with SSO
ExS5 indicated that the top activated upstream pathways consist of
gene networks that have been directly or indirectly linked to ER
stress and the UPR [NUPR1 (32-34), z score = 9.34, P = 2.01 x 107",
MAP4K4 (35, 36), z score = 5.04, P = 3.54 x 10~'%; ATF4 (37, 38),
z score = 3.82, P = 4.56 x 107'% CREBI (39), z score = 3.06, P =
0.0174; EIF2AK3 (37, 38), z score = 3.04, P = 2.54 x 1077,
CDKNI1A (40), z score = 2.99, P = 0.00145] (Fig. 5B).

To validate the RNA-seq analysis, we conducted immuno-
blotting to examine the effects of SSO Ex5 on protein expression
of GADD34 and CHOP. We compared the expression of these
UPR proteins with the apoptotic markers cleaved caspase-3 and
cleaved PARP, since a prolonged or overactive UPR can lead to
apoptosis and cell death, primarily through caspase activation
(37, 38, 41-44). These UPR and apoptotic proteins are expressed
simultaneously as the 607:558 ratio is lowered by SSO Ex5 over a
10-d period (Fig. 5 C and D and SI Appendix, Fig. S11). All 4
factors peak in their relative expression at 4 d posttransfection of
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SSO Ex5 (Fig. 5D), which is when we observe the largest per-
centage of NCI-H1703 cells in late apoptosis (Fig. 3D). These
data provide strong evidence for implicating the UPR in the
apoptotic mechanism induced by splice-switching SmgGDS.

SSO Ex5 Reduces Mammary Tumorigenesis in MMTV-PyMT Mice.
Since the 607:558 ratio increases as malignancy progresses in
MMTV-PyMT** mice (Fig. 1 E and F), a high 607:558 ratio may
be required for tumor development. Alternatively, the high 607:558
ratio may not play a driving role in tumorigenesis, but merely results
from splicing abnormalities that arise during transformation. To
examine these possibilities, we tested the effects of SSO Ex5 on
tumorigenesis in MMTV-PyMT** mice. SSO Ex5 and SSO Ctrl
are ideal for these studies, since they are chemically optimized
for in vivo delivery due to a modified phosphorothioate back-
bone and a 2’-O-methoxyethyl sugar modification that improve
stability, increase potency, and decrease toxicity (45). To deter-
mine if SmgGDS splicing is a crucial early event in the devel-
opment of malignancy, we treated female MMTV-PyMT*'* mice
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signaling networks. (G) Densitometric analysis was conducted for activated phospho-ERK1/2 from immunoblots for the indicated cancer cell lines following
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with phosphate-buffered saline (PBS) vehicle or SSO Ex5 (n = 10
mice per group) by intraperitoneal (i.p.) injection beginning at
3.5 wk of age, before neoplastic transformation typically occurs
(24, 25). SSO Ex5 diminishes tumor volume by 12.5 wk of age
(Fig. 6A4), reduces the mean ex vivo tumor weight burden by
nearly 1 g (Fig. 6B), and significantly lowers the mean tumor
burden normalized to body weight (SI Appendix, Fig. S12). We
also observed a significant reduction in the 607:558 ratio in tumor
tissue from SSO Ex5-treated mice (Fig. 6 C and D). Interestingly,
SSO Ex5 lowers the 607:558 ratio of mammary tumor tissue to
similar levels observed in the normal mammary tissue of vehicle-
treated mice (Fig. 6 C and D), suggesting that SSO Ex5 normalizes
the 607:558 ratio.
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To assess if we could inhibit tumorigenesis at a later stage, we
conducted an independent follow-up study where treatment was
initiated at 6.5 wk of age, after adenomas have formed and MIN
is developing (24, 25). This experiment included the addition of
mice treated with SSO Ctrl to ensure that there are no significant
differences between vehicle and SSO Ctrl due to general effects
of SSOs. SSO Ex5 significantly diminished the mean tumor
volume burden by 13.5 wk of age compared with both control
treatment groups, while SSO Ctrl had no effect on tumor burden
compared with vehicle-treated mice (Fig. 6F). Additionally,
survival analysis of tumor volume burden indicated a significant
delay in reaching a total tumor volume threshold of 2,000 mm?>
for SSO Ex5-treated mice compared with vehicle- and SSO
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Ctrl-treated mice (Fig. 6 F and G). As expected, we observed a
significant reduction in the 607:558 ratio in whole mammary
tumor lysates treated with SSO Ex5 compared with both controls
(SI Appendix, Fig. S13). For both in vivo studies, SSO-treated
MMTV-PyMT** mice displayed no obvious physiological side
effects or behavioral abnormalities, and no differences in weight
gain were detected between all treatment groups over the exper-
imental timeline (SI Appendix, Fig. S14). Collectively, these studies
demonstrate the effectiveness of using SSO Ex5 to inhibit tumor
development, and highlight the importance of a high 607:558 ratio
in driving malignant transformation.

Discussion

Our findings identify an oncogenic SmgGDS splicing program
and present insights into how the high ratio of SmgGDS isoforms
is crucial for cancer cell biology. This study validates the critical
role of a high 607:558 ratio in supporting malignant phenotypes
and tumor development, and describes a unique approach for
targeting the splicing of SmgGDS using SSOs.

The translational relevance of the SmgGDS splice variant ratio
in cancer is indicated by our discovery that an elevated 607:558
ratio is a poor prognostic indicator for breast cancer patients. The
in vivo rodent studies also validate the importance of the 607:558
ratio in malignancy, since the 607:558 ratio increases as mammary
tumors develop in these animal models. MMTV-PyMT mice provide
a reliable model of breast cancer progression, as they share tran-
scriptional prognostic biomarkers and morphological features with
the human disease (24, 25). Our finding that SSO Ex5 reduces the
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607:558 ratio and diminishes mammary tumorigenesis in this ag-
gressive cancer model suggests that the high 607:558 ratio is a
molecular driver for tumorigenesis rather than merely a conse-
quence of the transformed state. This high 607:558 ratio may drive
malignancy by providing enough SmgGDS-607 to facilitate the
prenylation of the many small GTPases that are overexpressed in
cancer cells (9-11). Since normal cells may not be as dependent
on SmgGDS-607 expression, the loss of SmgGDS-607 induced by
SSO Ex5 may be less deleterious for normal cells than for cancer
cells. This proposal is consistent with the absence of any noticeable
side effects in mice treated with SSOs, supporting the therapeutic
potential of SSO Ex5.

In addition to suppressing malignancy by diminishing SmgGDS-
607 expression, SSO Ex5 also likely suppresses malignancy by
increasing SmgGDS-558 levels. This possibility is supported by
our finding that lowering the 607:558 ratio by overexpressing
SmgGDS-558 induces apoptosis. SmgGDS-558 can promote the
cytosolic accumulation of prenylated small GTPases (46-48),
which occurs by SmgGDS-558 shielding the prenyl group of the
GTPase from the aqueous environment of the cytosol (27).
Other chaperones of prenylated GTPases, including PDES (49,
50), PRA1 (49, 51), VPS35 (52), and RhoGDI (53), similarly
solubilize prenylated GTPases by shielding the prenyl group of
the GTPase. An excessive amount of SmgGDS-558 in SSO Ex5-
treated cells may enhance the solubilization of prenylated
GTPases, diminishing signaling by the GTPases at the membrane
and resulting in apoptosis. Excessive SmgGDS-558 might also
successfully compete with other chaperones for prenylated GTPases,
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Fig. 6. SSO Ex5 significantly reduces mammary tumorigenesis in MMTV-PyMT mice. (A) Female MMTV-PyMT mice were injected i.p. 2 times per wk with PBS
vehicle or SSO Ex5 beginning at 3.5 wk of age (n = 10 mice per treatment group). Mean tumor volume was calculated at each time point using calipers to
measure the volume of all tumors arising in each mouse. Results are presented as mean + SEM, and statistical significance was determined by unpaired, 2-
tailed Student t test at each time point (*P < 0.05). (B) The graph depicts the mean ex vivo total tumor weight of each treatment group from A, immediately
following killing. Results are presented as mean + SEM (n = 10 mice per treatment group), and statistical significance was determined by unpaired, 2-tailed
Student t test (***P < 0.001). (C) Mammary tumor tissue (Top) and normal mammary tissue (Bottom) were harvested from the same 4 mice in each treatment
group, and lysates were immunoblotted for SmgGDS and f-actin. (D) Densitometry of the immunoblots from C was performed to quantify the 607:558 ratio in
each tissue type and between treatment groups. Results are presented as mean + SEM (n = 4), and statistical significance was determined by unpaired, 2-
tailed Student t test (*P < 0.05, **P < 0.01). (E) Female MMTV-PyMT mice were injected i.p. 2 times per wk with PBS vehicle, SSO Ex5, or SSO Ctrl beginning at
6.5 wk of age (n = 10 mice per treatment group). Mean tumor volume was calculated at each time point using calipers to measure the volume of all tumors
arising in each mouse. Results are presented as mean + SEM, and statistical significance was determined by unpaired, 2-tailed Student t test at each time point
(ns, not significant; *P < 0.05). (F) A Kaplan—-Meier plot was generated to show the time to exceed a total tumor volume threshold of 2,000 mm? for each
treatment group from E. A log-rank test was used to make an overall comparison between all 3 treatment groups (*P < 0.05). (G) Separate log-rank tests were
conducted for pairwise treatment group comparisons of survival shown in F (*P < 0.05, **P < 0.01).

disrupting the proper trafficking of the small GTPases and promoting
apoptosis. Taken together, both the reduction in SmgGDS-607 and
the increase in SmgGDS-558 likely contribute to the apoptotic
effects of SSO Ex5.

Proteomics analysis of cells treated with SSO Ex5 allowed us
to define prenylation changes of known substrates from all 3 of
the prenylation classes. SmgGDS-607 and SmgGDS-558 are best
characterized for their binding to PBR-containing small GTPases
that are substrates for GGTase-I, including RhoA, Racl, and
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Rap1 (1-4). The tight regulatory role of SmgGDS isoforms for this
class of small GTPases was validated by our finding that nearly all
detected GGTase-I substrates containing a PBR exhibit sup-
pressed isoprenoid incorporation in cells treated with SSO Ex5.
Unexpectedly, however, we discovered that SSO Ex5 also suppresses
the prenylation of GTPases that lack a PBR, as well as other proteins
that are not known to interact directly with SmgGDS, such as
DNAJALI. This finding might be explained by the proposed model
(54) that the delivery of an unprenylated substrate to the PTase
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promotes the release of a prenylated substrate from the PTase.
Based on this model, the delivery of an unprenylated GTPase by
SmgGDS-607 to the PTase may promote the release of prenylated
substrates from PTases. When SmgGDS-607 levels are low, such
as in cells treated with SSO Ex5, prenylated substrates may remain
associated for longer times with the PTase, potentially slowing the
rate of prenylation of a broad range of substrates.

Intriguingly, Garcia-Torres and Fierke (8) recently proposed
that SmgGDS-607 accelerates the farnesylation and release of
the non-PBR-containing small GTPase HRas by forming a ternary
complex with HRas and the FTase. This proposal has similarities to
the model discussed above, in which SSO Ex5 inhibits prenylation
because there is no longer sufficient SmgGDS-607 to enhance the
release of non-PBR-containing GTPases (or other CAAX-containing
proteins) from the FTase. This event may then cause FTase enzymes
to become saturated with substrate, creating a global inhibitory effect
for other farnesylated proteins.

In contrast to HRas prenylation, Garcia-Torres and Fierke (8)
concluded that KRas4B prenylation is only minimally regulated
by SmgGDS-607. This conclusion is consistent with our finding
that SSO Ex5 did not significantly inhibit prenylation of KRas.
However, SmgGDS was recently shown to impact KRas4B pre-
nylation by forming a trimeric complex with KRas and a trun-
cated form of the small GTPase Rabl.3, which was found to be
associated with hereditary pancreatic cancer (7). Further exam-
ining the role of SmgGDS splice variants in the regulation of
KRas prenylation and trafficking remains a crucial focus for fully
understanding the biological relevance of SmgGDS in KRas-
driven cancers.

It was also surprising to find that SSO Ex5 broadly suppresses
the prenylation of Rab-family small GTPases that are substrates
of the GGTase-1II enzyme, since SmgGDS is not known to interact
with or regulate Rab proteins. The only reported mechanism for
regulating Rab protein prenylation involves the Rab escort protein,
which helps newly synthesized Rab small GTPases receive their
dual prenylation from GGTase-II (55, 56). The global changes in
Rab prenylation might be due to unknown feedback mechanisms
that are triggered by the many downstream signaling alterations
that occur when SSO Ex5 inhibits prenylation of multiple GGTase-
I and FTase substrates. Alternatively, our discoveries may have
uncovered a novel aspect of SmgGDS intracellular functions,
implicating the 607:558 ratio in the direct regulation and control
of prenylation for the GGTase-II class of substrates.

We found that reducing the 607:558 ratio with SSO Ex5 pro-
duces a significant induction of ER stress-related genes and acti-
vation of the UPR. This result is consistent with previous reports
indicating that the global suppression of protein prenylation by
statins induces ER stress and the UPR (57-59). SSO Ex5 may
induce this stress response by inhibiting the prenylation of Rab
proteins, since Rab proteins regulate intracellular vesicle trafficking
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to and from the ER and other organelles (60), and disruption of
this process is linked to UPR activation due to excessive accu-
mulation of proteins in the ER (61).

Reduced ERK activity caused by SSO Ex5 may also promote
ER stress and the UPR. The small GTPases RhoA, Racl, and
NRas are reported to protect cells from ER stress and the UPR
by activating ERK (62-67), and activation of ERK promotes cell
survival following ER stress (68). Since SSO Ex5 suppresses the
prenylation of these small GTPases, the resulting decrease in their
downstream signaling may diminish ERK activity and induce ER
stress and the UPR. Consistent with this proposal, inhibition of Rho
signaling induces expression of ATF3, ATF4, and DDIT3 (63),
which are UPR genes that are elevated with SSO Ex5 treatment.
Together, these findings support the idea that decreased ERK
activity due to the suppression of small GTPase prenylation and
subsequent loss of signaling promotes apoptosis through prolonged
ER stress and the UPR.

Our study describes the development of a SmgGDS-targeted
approach for inhibiting the prenylation of oncogenic small GTPases.
The crystal structure of SmgGDS was recently determined in
complex with a small GTPase (26, 27), making it more feasible to
develop small-molecule inhibitors that target the binding surface
between SmgGDS isoforms and small GTPase substrates to disrupt
their prenylation and activation. Our unique strategy of inhibiting
prenylation by redirecting the splicing of SmgGDS to reduce the
607:558 ratio highlights the effectiveness of SSOs in diminishing
malignant phenotypes, and demonstrates how targeting SmgGDS
to regulate small GTPase prenylation is a valid anticancer ap-
proach that should be further pursued.

Materials and Methods

All experimental procedures, including cell-culture conditions, transfection
protocols, lysate preparation and immunoblotting, cell proliferation and
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experiments, and statistical analyses are presented in S/ Appendix, Materials
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