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Inhibiting membrane association of RAS has long been considered
a rational approach to anticancer therapy, which led to the
development of farnesyltransferase inhibitors (FTIs). However,
FTIs proved ineffective against KRAS-driven tumors. To reveal al-
ternative therapeutic strategies, we carried out a genome-wide
CRISPR-Cas9 screen designed to identify genes required for
KRAS4B membrane association. We identified five enzymes in
the prenylation pathway and SAFB, a nuclear protein with both
DNA and RNA binding domains. Silencing SAFB led to marked
mislocalization of all RAS isoforms as well as RAP1A but not
RAB7A, a pattern that phenocopied silencing FNTA, the prenyl-
transferase α subunit shared by farnesyltransferase and geranyl-
geranyltransferase type I. We found that SAFB promoted RAS
membrane association by controlling FNTA expression. SAFB
knockdown decreased GTP loading of RAS, abrogated alternative
prenylation, and sensitized RAS-mutant cells to growth inhibition
by FTI. Our work establishes the prenylation pathway as para-
mount in KRAS membrane association, reveals a regulator of pre-
nyltransferase expression, and suggests that reduction in FNTA
expression may enhance the efficacy of FTIs.
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Mutations of RAS genes contribute to human cancer more
often than those of any other oncogene, driving a quest for

therapeutic strategies that inhibit the function of oncogenic RAS
(1). RAS proteins are small GTPases that operate as binary
molecular switches to regulate pathways critical for cell prolif-
eration and survival. RAS proteins can signal only when associ-
ated with cellular membranes (2, 3). Membrane association of
RAS occurs by virtue of a series of critical posttranslational
modifications (4). The four RAS proteins, HRAS, NRAS,
KRAS4A, and KRAS4B, are ≥92% identical in their G domains
but differ substantially in a C-terminal hypervariable region
(HVR). Whereas several modifications of the HVR that vary
among isoforms direct protein trafficking (5, 6), modification of a
CaaX sequence (cysteine, aliphatic × 2, variable) at the C termi-
nus is universal and absolutely required for membrane association
(4). A large family of proteins, including RAS proteins and most
of the >150 related small GTPases, terminate in a CaaX se-
quence. Nascent proteins that terminate in CaaX are substrates
for a series of three modifications that include addition of a 15- or
20-carbon polyisoprene lipid to the cysteine (prenylation), endo-
proteolysis of the aaX amino acids, and carboxylmethylation of
the newly C-terminal prenylcysteine. These modifications are
catalyzed respectively by one of two prenyltransferases (farnesyl-
transferase [FTase] or geranylgeranyltransferase type 1 [GGTase
I]), RAS-converting enzyme 1 (RCE1), and isoprenylcysteine
carboxylmethyltransferase (ICMT).
Because RAS proteins require membrane association to

function, the prenylation pathway became a target for anti-RAS

drugs which led to the development of FTase inhibitors (FTIs)
(1, 7). These agents lacked efficacy in KRAS-driven tumors be-
cause, although under physiologic conditions KRAS is a sub-
strate for FTase and not GGTase I, when FTase is inhibited,
KRAS becomes a substrate for GGTase I in a process referred to
as alternative prenylation and thereby retains oncogenic function
(8, 9). Thus, FTIs failed not because inhibiting KRAS mem-
brane association to block its function is a flawed idea but,
rather, because FTIs were unable to block membrane associa-
tion of KRAS.
Although the posttranslational modifications of RAS HVRs

required for membrane targeting are well characterized and
catalyzed by enzymes that are considered targets for anticancer
drug discovery, the current understanding of the full complexity
of RAS trafficking continues to evolve (10–14), and it is likely
that additional components yet to be appreciated contribute to
the regulation of this pathway. Accordingly, there may be other
strategies for therapeutic intervention in RAS-driven cancers
beyond inhibition of FTase. As a means to discover alternative
targets, we took an unbiased approach to identify genes required
to target KRAS to cellular membranes or stabilize its membrane
association. We identified a nuclear factor, SAFB, required for
the expression of FNTA, the α subunit of both FTase and
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GGTase I. Silencing SAFB abrogated alternative prenylation of
KRAS and sensitized KRAS-driven tumor cells to FTIs, sug-
gesting that therapeutic strategies aimed at reducing FNTA ex-
pression are worth pursuing.

Results
To develop an approach for pooled CRISPR/Cas9 screening, we
adapted a system previously established in our laboratory that
couples membrane association of KRAS4B to a transcriptional
readout (14). We engineered a HEK293 cell line harboring an
integrated UAS-driven GFP expression cassette to constitutively
express a Gal4/VP16-KRAS4B fusion protein that is normally
targeted to the plasma membrane (PM) through the native
KRAS4B C-terminal sequence (Fig. 1A). Under conditions that
reduce KRAS4B membrane association, such as treatment with
prenyltransferase inhibitors (SI Appendix, Fig. S1), the fusion
protein is translocated to the nucleus to induce GFP expression.
We reasoned that this assay could report conditions that affect
the targeting of nascent KRAS4B to the PM (farnesylation,
AAX proteolysis, carboxyl methylation, or chaperone-mediated
delivery) as well as those that destabilize membrane association
once KRAS4B has been delivered to the PM [e.g., phosphory-
lation of S181 (15)] (Fig. 1A). Thus, in principle, this system is
capable of identifying genes required at multiple stages for
membrane association of KRAS.
To identify such genes, we transduced our reporter cell line

with a genome-wide lentiviral CRISPR library (Brunello) that
coexpressed Cas9 with a single-guide RNA (sgRNA). Cells were
cultured for 9 d to allow gene editing and adaptation and then
sorted into GFP-positive and GFP-negative populations. Enrichment
of sgRNAs in the GFP-positive population was determined by
amplification of the encoding sequence and next-generation se-
quencing. Substantial enrichment of sgRNAs targeting specific
genes in the GFP positive population is revealed by their dis-
placement from the diagonal in a plot of read counts in GFP-
positive vs. GFP-negative cells (Fig. 1B). As expected, KRAS
scored positive in our screen because sgRNAs that target
KRAS4B result in C-terminally truncated forms of Gal4/VP16-
KRAS4B that do not associate with membranes but retain the
nuclear localization sequence of Gal4 and transcriptional acti-
vation domains. We repeated the screen two additional times (SI
Appendix, Fig. S2). Statistical analysis of the screening data using
RIGER (16) (Dataset S1) revealed six genes that scored as sig-
nificantly enriched (P < 0.05) in all three screens (Fig. 1B). Of
these, five were genes in the prenylation pathway, confirming the
power of the screen and revealing that prenylation is the most
sensitive component of the KRAS4B trafficking pathway. The
only exception to known prenylation pathway genes was scaffold
association factor B (SAFB). SAFB is a nuclear protein that
binds both DNA and RNA (SI Appendix, Fig. S3). Originally
named scaffold association factor because it was thought to
preferentially bind AT-rich regions of DNA associated with in-
soluble arrays of filaments described as the “nuclear matrix,” this
assignment is now controversial, and numerous associations with
DNA, RNA, and other proteins have been reported (17). Our
screening results suggest that SAFB has a previously unantici-
pated effect on KRAS4B localization.
To confirm our screening result, we silenced SAFB with small

interfering RNA (siRNA) in our reporter cells and again ob-
served GFP expression (SI Appendix, Fig. S4). To further char-
acterize the role of SAFB, we disrupted the SAFB gene in U2OS
cells by transient transduction with a sgRNA active in the screen
and Cas9 protein and obtained a clone with a single base pair
deletion in exon 12 that resulted in premature stop codons in
exon 13 (SI Appendix, Fig. S5). We validated the requirement of
SAFB for KRAS4B membrane association by imaging mCherry-
KRAS4B localization in live cells. CRISPR-Cas9 mediated de-
letion of SAFB resulted in marked mislocalization of mCherry-

KRAS4B away from the membrane and into the cytosol and
nucleoplasm (Fig. 1C). Importantly, GFP-SAFB with silent PAM
site mutations to make it insensitive to CRISPR rescued
mCherry-KRAS4B membrane association (Fig. 1C). This phe-
notype was recapitulated (Fig. 1D) by silencing SAFB with
siRNA, by treating cells with a farnesyltransferase inhibitor
(FTI), and by silencing FNTA, the gene that encodes the α
subunit shared by farnesyltransferase (FTase) and geranylger-
anyltransferase type 1 (GGTase I). We validated knockdown of
SAFB and FNTA in these cells by immunoblot (Fig. 1D). Sur-
prisingly, silencing of SAFB reduced the levels of FNTA, sug-
gesting a potential mechanism by which SAFB might act on
KRAS4B localization.
To characterize the requirement for SAFB on prenyltransfer-

ase expression, we examined expression in the SAFB-deficient
and parental U2OS cells of both α and β subunits of the pre-
nyltransferase family of heterodimeric enzymes (Fig. 2A). Si-
lencing SAFB decreased expression of FNTA and its two cognate
β subunits, FNTB and PGGT1B, but did not affect expression of
RabGGTA or RabGGTB, the α and β subunits of geranylger-
anyltransferase type II (Fig. 2A and SI Appendix, Fig. S6). Ex-
pression of FNTB and PGGT1B could be rescued by forced
reexpression of SAFB. Interestingly, expression of FNTA from a
plasmid not only overcame the effects of SAFB knockdown but
also restored levels of FNTB and PGGT1B, suggesting that the
effect of SAFB on the β subunits is indirect through FNTA.
Indeed, silencing FNTA with siRNA diminished expression of
FNTB and PGGT1B but not RabGGTA or RabGGTB (SI Ap-
pendix, Fig. S6). These data are consistent with FNTA acting to
stabilize the β subunits by engaging them as heterodimers. In-
terestingly, silencing FNTB with siRNA enhanced expression of
PGGT1B, suggesting that when FNTB is not available to com-
plex with FNTA, more PGGT1B can do so and thereby avoid
degradation (SI Appendix, Fig. S6). Importantly, the mislocaliza-
tion of mCherry-KRAS4B into the cytosol upon silencing SAFB
(Fig. 1D) demonstrates that SAFB deficiency abrogates alterna-
tive prenylation, a result consistent with the requirement for
FNTA for both FTase and GGTase I.
To confirm the loss of FTase and GGTase I activity, we de-

termined, by live-cell confocal imaging, the subcellular localiza-
tion of GFP-tagged small GTPases in parental and SAFB-
deficient U2OS cells with and without forced expression of
FNTA (Fig. 2B). NRAS, HRAS, KRAS4A, and KRAS4B are
substrates for FTase (FNTA/FNTB heterodimer). All four RAS
proteins were expressed on the PM and endomembranes of
parental cells and mislocalized to the cytosol and nucleoplasm in
SAFB-deficient cells, in a pattern indistinguishable from that of
parental cells treated with FTI. Forced expression of FNTA in
SAFB-deficient cells restored membrane association. GFP-
RAP1A, a substrate for GGTase I (FNTA/PGGT1B hetero-
dimer), behaved in the same way. In contrast, the subcellular
localization on vesicular membranes of GFP-RAB7A, a sub-
strate for GGTase II (RabGGTA/RabGGTB heterodimer), was
not affected by silencing SAFB. GFP extended with the
C-terminal 60aa of RIT, a small GTPase that is not prenylated
but instead driven to the PM by an amphipathic C-terminal α
helix (18), decorated the PM of the U2OS cells, and this local-
ization was unaffected by silencing SAFB. Thus, SAFB was re-
quired for membrane localization of small GTPase substrates of
FTase and GGTase I but not GGTase II, consistent with an
effect mediated by regulation of FNTA expression.
To validate mislocalization of mCherry-KRAS4B upon SAFB

silencing, we examined membrane association of endogenous
RAS protein by subcellular fractionation. Parental and SAFB-
deficient U2OS cells were disrupted by nitrogen cavitation (19),
and membrane pellets were separated from supernatants con-
taining cytosol by centrifugation at 350,000 × g. Whereas in pa-
rental cells 84% of total RAS was recovered in the membrane
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fraction, this was reduced to 59% in SAFB-deficient cells
(Fig. 2C). Importantly, forced expression of FNTA in SAFB-
deficient cells restored the membrane fraction of RAS. Whereas
KRAS4B is a substrate for FTase, RAP1 is prenylated by GGTase
I. Like KRAS4B, the fraction of RAP1A recovered in the mem-
brane fraction was diminished in SAFB-deficient cells and re-
stored by forced expression of FNTA. These data were supported
by an immunoblot with an antibody that recognizes only unpre-
nylated RAP1A (20). Unprenylated RAP1 was detected in the
cytosolic fraction of SAFB-deficient but not parental cells and was
lost upon forced expression of FNTA. Thus, silencing SAFB
mislocalized both endogenous KRAS4B and RAP1A as a con-
sequence of loss of prenylation, and basal membrane association

of each GTPase could be restored by expression of FNTA, the α
subunit required for both forms of prenylation, establishing an
epistatic relationship between SAFB and FNTA in small GTPase
membrane association.
To determine whether SAFB controls FNTA expression at the

level of transcription, we quantified abundance of prenyl-
transferase messenger RNA (mRNA) by qRT-PCR in U2OS
cells with and without silencing of SAFB with short hairpin RNA
(shRNA) (Fig. 3A). Three different shRNAs that target SAFB
reduced FNTA mRNA levels almost as much as an shRNA that
directly targets FNTA. Interestingly, silencing FNTA modestly
reduced FNTB mRNA abundance, suggesting a feed-forward
mechanism whereby prenylation of some substrate(s) is required

A

B

C

D

Fig. 1. A genome wide CRISPR screen identifies SAFB as a gene required for KRAS4B membrane association. (A) Schematic of the KRAS4B membrane as-
sociation assay used in the screen (Left). At baseline the Gal4-VP16 transcriptional activator module fused to KRAS4B is sequestered from the nucleus by the
native membrane-targeting sequence of KRAS4B but induces expression of GFP upon loss of affinity for membranes. The Right panel shows the various nodes
in the trafficking pathway that, upon inhibition (⊣) or enhancement (←), could lead to increased nuclear import of Gal4-VP16-KRAS4B. (B) Results of one of
three independent CRISPR screens plotted as read counts for guides targeting each gene in GFP+ vs. GFP− cells such that deviation from the diagonal shows
enrichment or depletion (Top). Listed on the right are the genes that differed significantly with >100 reads in three of three screens, and on the Bottom is a
STRING protein interaction plot showing that all but SAFB are known components of the polyisoprene biosynthetic pathway. (C) U2OS cells edited by CRISPR-
Cas9 with either a control (sgNT) or SAFB-targeting guide (sgSAFB) were transfected with either mCherry-KRAS4B alone or mCherry-KRAS4B and GFP-SAFB
with a sgSAFB-resistant PAM site and imaged alive with a confocal microscope. (D) U2OS cells in which SAFB or the α subunit of FNTA was silenced with
CRISPR-Cas9 or siRNA, as indicated, or treated with a FTI, were transfected with mCherry-KRAS4B and imaged alive as in C (Top). Silencing of SAFB and FNTA
was confirmed by immunoblot, shown on the Bottom. In C and D cells representative of >100 per plate are shown. (Scale bar, 20 μm.)
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for efficient transcription of FNTB. Silencing SAFB had a similar
effect on FNTB mRNA abundance as did silencing FNTA,
consistent with an indirect effect via FNTA knockdown. Silencing
neither FNTA nor SAFB had an effect on the mRNA abundance
of any of the other prenyltransferase subunits, PGGT1B,
RABGGTA, RABGGTB, and PTAR1 (21). The abundance of
HMG-CoA reductase (HMGCR) mRNA was minimally affected
by loss of FNTA or SAFB, suggesting feedback regulation by
protein prenylation mediated by FNTA. FNTA or SAFB was
dispensable for mRNA expression of RCE1 and ICMT, enzymes
required for CaaX processing. These data suggest that SAFB is
required for FNTA transcription and, indirectly, FNTB but no
other prenyltransferase or CaaX processing gene.
Given the plethora of functions ascribed to SAFB (17), we

sought to elucidate the mechanism whereby it regulates expression

of FNTA. To determine whether SAFB physically associates
with regulatory regions of the FNTA gene we analyzed chro-
mosome immunoprecipitation DNA sequencing (ChIP-seq) data
available in the Encyclopedia of DNA Elements (ENCODE)
Consortium database (Fig. 3 and SI Appendix, Fig. S7). SAFB
peaks were observed in 3,776 genes (Dataset S2), including
FNTA on chromosome 8p11.21. The SAFB binding site spans
the first exon/intron junction, a region that is coincident with
H3K4me1 and H3K27ac peaks often present in enhancers.
These data are consistent with SAFB binding to putative regu-
latory elements in the FNTA gene. Other RAS and CaaX pro-
cessing genes with SAFB binding sites in putative regulatory
regions included HRAS, KRAS, RRAS, RCE1, and RABGGTA.
No binding sites were detected in the FNTB locus. The ENCODE
database also includes RNA-seq in K562 chronic myelogenous

A B

C

Fig. 2. Loss of SAFB reduces levels of FNTA and mislocalizes prenylated RAS and RHO family GTPases. The genomes of U2OS cells were edited by CRISPR-Cas9
and either nontargeting guides (−) or guides targeting SAFB (+) and stably transfected with an empty vector or plasmids directing expression of SAFB or
FNTA. (A) Cell lysates were analyzed for the indicated prenyltransferase subunits by immunoblots. Data shown are representative of six independent ex-
periments. (B) Cells were transiently transfected with the indicated GFP- or mCherry-tagged small GTPases and imaged alive by confocal microscope with or
without FTI treatment (25 μM L-744,832). (Scale bar, 20 μm.) (C) Membrane association of endogenous RAS and RAP1 determined by subcellular fractionation
with or without silencing SAFB as in A with or without overexpression of FNTA as indicated. Cells were disrupted by nitrogen cavitation, the postnuclear
supernatant was separated into cytosol (S = supernatant) and total membranes (P = pellet) and the indicated proteins assayed by immunoblot. The per-
centage of RAS and RAP recovered in S vs. P for each condition is shown above each lane as determined by Li-Cor Odyssey scan. Data shown are representative
of two independent experiments.

Zhou et al. PNAS | December 15, 2020 | vol. 117 | no. 50 | 31917

CE
LL

BI
O
LO

G
Y

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2005712117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2005712117/-/DCSupplemental


leukemia cells with and without silencing SAFB with CRISPR-
Cas9. Analyzing these data and setting a threshold of a q value
of <0.05 and log2 fold change >1, expression of 161 genes was
found to be down-regulated, and that of 31 genes was up-
regulated upon loss of SAFB (Dataset S3). Although neither
FNTA nor FNTB were among these, HMGCS1 and HMGCR
were, and importantly, the cholesterol/mevalonate/polyisoprene
biosynthesis pathways scored higher than any other in gene on-
tology analysis (SI Appendix, Fig. S9A). Interestingly, there was
only partial overlap between the genes that bound SAFB and
those for which differential expression was observed (SI Appen-
dix, Fig. S9B). Indeed, the expression of 3,023 genes with SAFB
binding sites was unaffected by SAFB deficiency, and conversely,
2,058 genes that were differentially expressed with and without
SAFB lacked binding regions for the protein. This is consistent

with an earlier study that found no overlap among the 541
promoters that bound SAFB (ChIP-on-chip) and 680 genes
differentially regulated upon silencing SAFB (Affimetrix array)
(22). Aside from this study and the ENCODE RNA-seq data,
one additional study reported differential gene expression before
and after silencing SAFB (Gene Expression Omnibus, accession
no. GSE125037), this one in AML12 murine hepatocytes in
which SAFB was knocked down with shRNA (23). Among these
three studies, FNTA expression was repressed upon loss of SAFB
only in the AML12 cells and only by 43% (Dataset S3). More-
over, there is very little overlap among these three sets of SAFB-
regulated genes (SI Appendix, Fig. S9C). Thus, despite our
unambiguous observation that FNTA expression at the level of
both mRNA and protein depends on SAFB, this relationship was
not revealed by genome-wide transcriptomic analysis.

A

B

Fig. 3. SAFB regulates FNTA mRNA abundance and binds to the FNTA locus. (A) Stable knockdown of FNTA (F) or SAFB (S 1-3) was accomplished by lentiviral
transduction with the shRNAs indicated or a nontargeting hairpin. mRNA abundance of the indicated genes was measured by qRT-PCR as described in
Methods and plotted as the fold change relative to noncoding shRNA; n ≥ 4, ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05 by paired Student’s t test. (B)
SAFB binding to the FNTA locus as revealed by ChIP-seq ENCODE data in K562 cells ±disruption of SAFB by CRISPR-Cas9. Pooled fold change in reads over
control as well as IDR peaks are plotted along with H3K4me1 and H3K27ac peaks associated with promotor regions on a map of the relevant fragment of
chromosome 8.
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Prenylation is required for RAS signaling (2, 3, 24). To de-
termine if SAFB is required for RAS function, we studied GTP-
loading and MAPK signaling in parental and SAFB-deficient
U2OS cells (Fig. 4). Whereas silencing SAFB had little effect
on the relatively low levels of GTP-bound RAS in resting,
serum-starved cells, SAFB deficiency reduced epidermal growth
factor (EGF)-stimulated loading of RAS with GTP by about 50%.
Interestingly, despite diminished GTP loading of RAS, phos-
phorylation of ERK was only slightly affected. Dissociation of
GTP-loading of RAS and ERK phosphorylation has been repor-
ted several times in RAS mutant tumor cells (13, 14, 25) and likely
reflects either RAS-independent ERK phosphorylation or the fact
that residual GTP-loaded RAS is sufficient to sustain signaling.
The effects of SAFB deficiency on membrane localization and

GTP loading of RAS suggested that SAFB silencing might sen-
sitize cells to FTIs. To test this hypothesis, we studied lung ad-
enocarcinoma cells with and without a KRAS mutation. Whereas
FTI increased from 20 to 30% the fraction of total RAS recov-
ered in the cytosol of A549 cells, the cytosolic pool increased to
45% in cells in which SAFB was silenced with shRNA (Fig. 5A).
Whereas FTI had no effect on GTP loading of RAS in A549 cells
expressing a control shRNA, the drug decreased by 50% the
GTP loading of RAS in cells expressing an shRNA targeting
SAFB (Fig. 5B). The 50% inhibitory concentration (IC50) of FTI
for inhibition of cell growth in KRAS mutant cells was decreased
by 12- and 6-fold in A459 and H358 cells, respectively (from 19.6
to 1.7 and 38.8 to 6.3 μM), when SAFB was silenced with shRNA
(Fig. 5C). In contrast, silencing SAFB had no effect on the IC50
for growth inhibition by FTI in the KRAS wild-type cell lines
H1437 and H1975. Silencing of SAFB in these cell lines with
consequent decrease in FNTA expression was validated by im-
munoblot (SI Appendix, Fig. S8). To determine whether SAFB
deficiency would also sensitize to FTI tumor cells driven by
mutant NRAS, we studied SKMEL-147 melanoma cells. Indeed,

silencing SAFB by siRNA in these cells reduced by sixfold the
IC50 for FTI ( from 0.750 to 0.120 μM) for growth inhibition (SI
Appendix, Fig. S10). Thus, SAFB deficiency sensitized both
KRAS and NRAS mutant cells to FTI.

Discussion
Applying a relatively stringent threshold in our screen (P < 0.05
in each of three replicate screens), we found six genes that, when
silenced, diminished KRAS4B association with membranes. Five
of these were in the prenylation pathway, including FNTA and
FNTB, which encode the α and β subunits of FTase; CHURC1-
FNTB, which is a transcript produced as a read through of
Churchill domain containing 1 protein and FNTB on chromo-
some 14; HMG-CoA synthase (HMGCS1); and HMG-CoA re-
ductase (HMGCR). Each of these genes encode enzymes
required either for the biosynthesis of polyisoprene lipids
(mevalonate pathway) or their covalent conjugation with the
cysteine of CaaX sequences. HMGCR catalyzes the rate-limiting
step in polyisoprene and cholesterol synthesis and is the target of
the statin class of cholesterol-lowering medications. Therefore,
its inclusion along with FNTA and FNTB is not surprising. Al-
though at pharmacologically tolerated doses, statins neither
mislocalize small GTPases or affect protein prenylation in vivo,
statins applied at higher doses to cultured cells do affect mem-
brane association of RAS proteins (13). It is interesting that
HMGCS1, the enzyme immediately upstream of HMGCR in the
pathway, met our stringent threshold for SAFB dependence but
mevalonate kinase and farnesyl-PP synthase, downstream of
HMGCR, did not (although mevalonate kinase scored positive
in one of three screens). This may reflect the half-life or the
differential kinetics of these enzymes or simply the efficiency or
abundance of the sgRNAs in the library. Nevertheless, the
identification of multiple nodes in the protein prenylation
pathway is both expected and compelling and argues that the
screen was robust and that the prenylation pathway is the most
sensitive to perturbation in the context of KRAS4B membrane
association. It is also noteworthy that no genes were identified
that stabilize the association of KRAS4B with membranes fol-
lowing initial targeting (see Fig. 1 for possible modes of in-
creasing nuclear GAL4/VP16-KRAS4B). Because the asymmetric
distribution of phosphatidylserine (PS) in the PM has been
shown to produce the negative charge that stabilizes KRAS4B
association (26), we expected to find genes involved in PS me-
tabolism or transport (27). The only gene in these pathways that
scored consistently positive, albeit without passing our stringent
RIGER analysis, was PI4KIIIα, which is responsible for gener-
ating the pool of PI4P at the PM that is exchanged with PS
generated in the ER (28). Because we have shown that phos-
phorylation of KRAS4B on serine 181 regulates a farnesyl-
electrostatic switch (15), we also predicted that a KRAS4B
kinase would read out in our screen. However, not only are the
classical PKCs that modify KRAS4B redundant, but other ki-
nases such as PKG have been reported to phosphorylate serine
181 of KRAS4B (29).
SAFB was the outlier gene identified in the screen because

there is no evidence that this protein is associated with cellular
trafficking. Moreover, it was not immediately clear how a nuclear
factor could control the membrane association of a small
GTPase. The mystery was solved when we discovered that ex-
pression of FNTA requires SAFB. Thus, all of the genes identi-
fied at a high level of stringency were in the prenylation pathway,
further validating the conclusion that this pathway affords the
greatest vulnerability with regard to blocking KRAS association
with membranes.
SAFB is a member of a family of three highly homologous

paralogs that also include SAFB2 and SAFB-like transcriptional
modulator (SLTM) (17). These proteins possess both DNA and
RNA binding domains and were initially identified through

A

B

Fig. 4. Loss of SAFB reduces levels of GTP-loaded RAS. U2OS cells edited by
CRISPR-Cas9 with nontargeting sgRNAs (−) or those targeting SAFB (+) were
serum starved and then treated with or without 10 ng/mL EGF for 5 min. (A)
Lysates were analyzed by immunoblots for the indicated proteins that in-
clude GTP-loaded RAS (GTP-RAS) affinity captured by GST-RBD. (B) The bar
graph of GTP-loaded RAS normalized to total RAS (quantified by Li-Cor
Odyssey) represents data from four independent experiments; ***P <
0.001 by paired Student’s t test.
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association with AT-rich DNA sequences thought to represent
DNA elements of the “nuclear matrix” or “nuclear scaffold”
(30). This initially suspected function of SAFB has been refined
and substantiated by a recent study demonstrating that SAFB
stabilizes heterochromatin architecture (31). However, an ex-
clusive role for SAFB as a nuclear scaffold protein has been
called into question by reports that it has a number of additional
functions (17). These include regulation of transcription, roles in
mRNA processing, and functions mediated by protein–protein
interactions (17). Recently, SAFB was found to be among nu-
merous RNA binding proteins packaged into extracellular vesi-
cles in an LC3-dependent manner (32). SAFB has been reported
to be an estrogen receptor corepressor (33) and has been im-
plicated as a tumor suppressor in breast cancer (34).
Because silencing of SAFB leads to decreased abundance of

FNTA mRNA, the mechanism through which SAFB regulates
FNTA expression appears to be at the level of transcription.
However, since SAFB has been shown to bind mRNA (35, 36),
stabilization of the FNTA message cannot be ruled out. Three
independent studies have used genomic technologies to study
binding sites of SAFB in the genome and regulation of gene
expression. Oesterreich and colleagues investigated the role of
SAFB in gene regulation in MCF-7 breast cancer cells with both
ChIP-on-chip and gene expression array analyses before and
after silencing SAFB with siRNA (22). These investigators reported

541 SAFB binding sites in promoter regions and 680 genes dif-
ferentially regulated upon silencing SAFB. Neither FNTA nor
FNTB were among the genes regulated, and gene ontogeny
analysis identified immune-related genes as those most affected.
Interestingly, there was no overlap between promoters identified
by ChIP-on-chip and regulated genes identified by affinity
microarray. The ENCODE database includes analysis of K562
cells by both ChIP-seq and RNA-seq before and after silencing
SAFB by CRISPR-Cas9. Surprisingly, expression levels were af-
fected in only 20% of the genes that bound SAFB, and con-
versely, only 28% of genes regulated by SAFB contained binding
sites for the protein (SI Appendix, Fig. S9B), consistent with the
earlier results of Oesterreich. Our analysis of the ENCODE
expression data by gene ontology analysis revealed that the
cholesterol/polyisoprene biosynthesis pathway was the most af-
fected by SAFB deficiency (SI Appendix, Fig. S9A). This result is
consistent with our KRAS4B localization screen in that HMGCS1
and HMGCR were identified in both and therefore strongly sup-
ports our finding. Interestingly, FNTA was not observed to be
regulated by SAFB in the ENCODE RNA-seq dataset. Our
compelling data at the level of both mRNA and protein that
demonstrate that SAFB is required for FNTA expression suggest
either that the RNA-seq data are fraught with false negatives or
there are significant cell-type differences, perhaps because SAFB
functions with other, differentially expressed factors. A third

A B

C

Fig. 5. Loss of SAFB diminishes membrane association and GTP loading of KRAS4B and sensitizes KRAS4B-dependent lung tumor cells to FTI treatment.
KRAS4B-dependent (A549, H358) and KRAS4B-independent (H1437, H1975) lung tumor cells were stably transfected with a nontargeting shRNA or one
targeting SAFB and plated untreated or treated with FTI (L-744,832). (A) A549 were disrupted by nitrogen cavitation, separated into S and P fractions by
ultracentrifugation, and analyzed by immunoblots for the indicated proteins, including cytosolic (RhoGDI) and membrane (cation-independent manose-6-
phosphate receptor; CIMPR) markers (Left). Bands were quantified by Li-Cor Odyssey, and percent of total RAS in the cytosol is plotted to the Right; n = 3, *P <
0.05. (B) GTP loading of RAS in FTI-treated (25 μM L-744,832) A549 cells normalized to that measured in untreated cells with and without silencing SAFB by
shRNA. **P < 0.01, n = 5. (C) The viability (normalized to untreated cells) of cells with and without stably silencing SAFB by shRNA was determined by 3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay after 6 d of treatment with indicated concentrations of
FTI (L-744,832), n = 3. ns, not significant.
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dataset available in the Gene Expression Omnibus (23) that re-
ports RNA-seq from AML12 cells with and without silencing of
SAFB with shRNA did reveal FNTA to be repressed upon loss
of SAFB (albeit by only 43%). However, comparing the three sets
of gene expression analyses revealed very little overlap (SI Ap-
pendix, Fig. S9C). The poor correlation of DNA binding and gene
regulation suggests that SAFB may control gene expression indi-
rectly by modulating other transcription factors or through its
function as an RNA binding protein.
Our data establish SAFB as an important regulator of the

protein prenylation pathway. Because SAFB gene products have
both DNA and RNA binding domains and functions distinct
from scaffold-dependent effects on chromatin (17), it is con-
ceivable that an isolated function could be targeted therapeuti-
cally. However, we appreciate the immense technical challenge
of targeting a nuclear matrix-associated protein that modulates
chromatin condensation and affects expression of hundreds of
genes. As such, SAFB is not an attractive target for drug dis-
covery. Because the primary effect of SAFB on the prenylation
pathway is at the level of FNTA expression, our results suggest
that a therapeutic approach aimed at reducing the expression of
FNTA in tumors would sensitize them to FTIs. Because FNTA is
the α subunit of both FTase and GGTase 1, decreasing expres-
sion of this protein will affect both enzymes and thereby abrogate
the alternative prenylation that was the basis for the failure of
FTIs in the clinic (1, 9). Consistent with this model, we show that
reducing FNTA expression by silencing SAFB sensitizes KRAS-
and NRAS-mutant cells to growth inhibition with FTIs. Al-
though GGTase 1 inhibitors (GGTIs) that can be combined with
FTIs have been developed, as have dual FTase/GGTase 1 in-
hibitors, they have proven to be toxic in vivo (37). Perhaps
combining FTIs with approaches aimed at diminishing FNTA
expression in tumors, e.g., with protac drugs or antisense oligo-
nucleotides, would be better tolerated than GGTIs and render
RAS-driven cancers responsive to FTIs.

Methods
A summary of materials and methods is outlined below. Detailed methods
can be found in SI Appendix.

Pooled Genome-Wide CRISPR/Cas9 Screening. The human Brunello genome-
wide CRISPR knockout pooled library (one vector system, four sgRNAs per
gene) was a gift from David Root and John Doench (Addgene no. 73178)
(38). For screening, 2 × 108 reporter cells were infected with the lentiviral
library at low multiplicity of infection such that only ∼30% of the cells sur-
vived initial puromycin selection. Cells were cultured for 9 d postinfection in
the presence of 1 μg/mL puromycin and passaged with a minimum of 5 × 107

cells reseeded each time to maintain library representation. After culture,
2 × 108 live cells were sorted into GFP-positive (top 4%) and GFP-negative (all
remaining cells) on a FACSAria (BD) cytometer in the Yale Flow Cytometry
Facility. Genomic DNA was isolated from each population, and the sgRNA
region was amplified and barcoded by PCR (38) and sequenced on an Illu-
mina HiSeq instrument in the Yale Center for Genome Analysis. Total read
counts for each condition were normalized, and total reads for each guide
RNA in each population were aggregated for each gene and plotted against
each other. The screen was repeated three times.

RIGER Analysis of Screening Data. The RIGER algorithm (16) in GENE-E (https://
software.broadinstitute.org/GENE-E/) was used to rank each gene based on
the enrichment of sgRNAs targeting that gene in the GFP positive pop-
ulation. To minimize error resulting from stochastic effects, sgRNAs with
fewer than 100 raw reads in the GFP-positive population were excluded, and
reads for each sgRNA were normalized to the total read count in the sample.
Genes were ranked using the log fold change metric and the second-best
hairpin method. Genes with sgRNAs that were significantly enriched (P <
0.05) in the GFP-positive population in each of the three independent
screens were considered hits.

ENCODE Transcriptomic and Genomic Analysis. CRISPR targeted SAFB and
nontargeting control (ENCSR336TYW, ENCSR341TTW) RNA-seq Fastq files
were downloaded from ENCODE to identify deregulated genes upon dele-
tion of SAFB. Paired-end reads were mapped to the hg38 reference genome
using tophat/2.0.8 (39) (–no-coverage-search–no-discordant–no-mixed). Mapped
reads were filtered using samtools/1.3 to retain only those with a phred
score > 30. Htseq counts (40) were used to count the reads per gene using
the hg38 refseq annotation of genes. The counts were then normalized
using DESeq2 (41) for sequencing depth. Differentially expressed genes were
identified between SAFB-targeted and control K562 cells using a false dis-
covery rate of 5% and an absolute value of the log2 fold change > 1.

To identify SAFB binding sites and their putative target genes, conservative
irreproducible discovery rate (IDR) peaks from SAFB ChIP-seq experiments
were downloaded (ENCSR072VUO) to establish a set of reproducible SAFB
binding sites across replicates. ChIPseeker (42) was used to link SAFB binding
sites to genes by using a 3 kilobases window on either side of a gene’s
transcriptional start site. Alternatively, to annotate SAFB binding sites in
intergenic regions, the Genomic Regions Enrichment of Annotations Tool
(GREAT) (43) algorithm was used to link all SAFB sites to potential genes they
may regulate. Finally, ChIP-seq for SAFB, H3K27ac, H3K4me1, and H3K4me3,
as well as DNase-seq BigWig and bed files, were downloaded from ENCODE
for visualization using the integrative genomics viewer browser (or accession
IDs; see Dataset S5).

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