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MOTIVATION Gene silencing is a powerful strategy to probe signaling pathways and discover drug targets.
RNA interference (RNAi) using short hairpin RNAs (shRNAs) offers a number of advantages over other ap-
proaches, including its inducible and reversible nature and ability to target distinct transcript variants. How-
ever, applications of RNAi have been hampered by inefficient combinatorial target knockdown and
restricted shRNA induction in vivo. To overcome these limitations, we developedMulti-miR, a robust micro-
RNA-embedded shRNA expression platform for potent inducible combination target inhibition in vitro and
in vivo.
SUMMARY
We present Multi-miR, a microRNA-embedded shRNA system modeled after endogenous microRNA clus-
ters that enables simultaneous expression of up to three or four short hairpin RNAs (shRNAs) from a single
promoter without loss of activity, enabling robust combinatorial RNA interference (RNAi). We further devel-
oped complementary all-in-one vectors that are over one log-scale more sensitive to doxycycline-mediated
activation in vitro than previousmethods and resistant to shRNA inactivation in vivo. We demonstrate the util-
ity of this system for intracranial expression of shRNAs in a glioblastomamodel. Additionally, we leverage this
platform to target the redundant RAF signaling node in amousemodel ofKRAS-mutant cancer and show that
robust combinatorial synthetic lethality efficiently abolishes tumor growth.
INTRODUCTION

Loss-of-function screens enable the decoding of mammalian

signaling networks and elucidation of novel therapeutic targets.

RNA-guided immune systems, including RNA interference

(RNAi) and CRISPR, enable programmed regulation of gene

expression (Fellmann and Lowe, 2014; Fellmann et al., 2017).

While CRISPR is ideal for generating irreversible genetic edits,

the reversibility and simple one-component nature of RNAi

tools—and their similarity to small-molecule-based target inhibi-

tion—make them a valuable alternative for target suppression.

Moreover, RNAi enables knockdown of specific isoforms such

as the long variant of GABPB1 (Amen et al., 2021), which cannot
Cell
This is an open access article under the CC BY-N
be accomplished using CRISPR interference (CRISPRi) systems

that work by targeting transcription start sites (TSSs) (Gilbert

et al., 2013). Conversely, since many genes have multiple

TSSs, especially across different cell types, a single CRISPRi

guide RNA often cannot target all transcript variants (Forrest

et al., 2014). RNAi triggers can be designed to inhibit specific

messenger RNAs (mRNAs) or suppress all variants through tar-

geting of common regions. Particularly for use in primary cell

systems, organoids, and in vivo, RNAi provides a powerful plat-

form for controlled gene regulation (Premsrirut et al., 2011; Zuber

et al., 2011a). However, the use of RNAi has been hampered by

inefficient multi-target knockdown, especially beyond two di-

mensions, as well as inactivation of short hairpin RNA (shRNA)
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expression in vivo, often requiring the establishment of mono-

clonal sublines for clear readouts (Amen et al., 2021; Bassik

et al., 2013; Chicas et al., 2010, 2012; McJunkin et al., 2011;

Zuber et al., 2011b, 2011c).

Experimental RNAi enables loss-of-function genetics by pro-

gramming endogenous mammalian machinery with exogenous

sources of double-stranded RNA that mimic natural triggers of

the pathway (Fellmann and Lowe, 2014). While shRNAs can be

expressed as simple stem-loop structures fromRNApolymerase

III (Pol-III) promoters, such strategies can lead to off-target ef-

fects through high precursor shRNA levels and saturation of

the endogenous microRNA machinery (Grimm et al., 2006; Sha-

lem et al., 2014; Yi et al., 2005). Use of microRNA-embedded

shRNAs driven by RNA polymerase II (Pol-II) promoters over-

comes these limitations (Baek et al., 2014; Boudreau et al.,

2008; McBride et al., 2008), especially when used at single-

copy genomic integration (Fellmann et al., 2011; Yuan et al.,

2014). Since target knockdown efficiency was another

constraint, we previously developed a biological high-

throughput sensor assay to evaluate shRNA potency, an opti-

mized microRNA scaffold (miR-E) for efficient shRNA biogen-

esis, and a sequential classification algorithm (SplashRNA) that

reliably predicts highly potent sequences for virtually any gene

(Fellmann et al., 2011, 2013; Pelossof et al., 2017).

Here, to enable higher-order combinatorial gene regulation, we

focused on better understanding the architecture of endogenous

microRNA clusters and leveraged this insight to establish a pro-

grammable platform for sustained multi-target inhibition in vivo.

Using this Multi-miR system, we show efficient knockdown of

up to three to four target genes from a single vector without

loss of potency compared with one-shRNA constructs. Addition-

ally, we demonstrate sensitive doxycycline (dox)-mediated

shRNA induction in an intracerebral glioblastomaxenograftmodel

as well as effective in vivo suppression of a redundant synthetic

lethal gene node by concomitant inhibition of all three RAF effec-

tors in amousemodel ofKRAS-mutant non-small cell lung cancer

(NSCLC). Together, the Multi-miR architecture and our optimized

vector system enable robust dox-controlled expression of miR-E

shRNAs for higher-order combinatorial RNAi in vivo.

RESULTS

A backbone architecture for robust multidimensional
target knockdown
TandemmiR-30 vectors, where each shRNA is simply cloned one

after the other, have been constructed before (Chicas et al., 2010,

2012). However, unless functionally linked to cell survival, this

setup results indecreasedknockdowncomparedwith the respec-

tive single-shRNA versions. Vectors using multiple different

shRNA backbones have also been built (Choi et al., 2015; Liu

et al., 2008), but they complicate the approach because each sub-

system needs to be individually optimized for knockdown po-

tency. Additionally, combination screens have been used to build

mammaliangenetic interactionmapsbutwere restricted to twodi-

mensions due to library size (Bassik et al., 2013). Hence, to estab-

lish an efficient multi-shRNA system based on the well-character-

ized miR-E backbone (Fellmann et al., 2013), we examined the

evolutionarily conserved human and mouse miR-17-92 clusters
2 Cell Reports Methods 2, 100239, July 18, 2022
(Figure 1A). Analysis of small RNA sequencing data (Fellmann

et al., 2013; Yuan et al., 2014) revealed that microRNAs from

both clusters are generally well expressed (Figure S1A). Impor-

tantly, we noticed that, compared with previous miR-30 tandem

setups (Chicas et al., 2010, 2012), the natural miR-17-92 clusters

arrange eachmicroRNA inmuch closer proximity to its neighbors.

Specifically, precursor microRNAs across both clusters are sepa-

rated by a relatively narrow range of 35–96 nt (average 60–63 nt),

when considering canonical Drosha cleavage.

To test whether this proximity affects target knockdown effi-

ciency, we designed theMulti-miR system bymimicking the nat-

ural spacing of the miR-17-92 clusters (Figure 1B). Previous

research showed that the miR-E backbone, like most micro-

RNAs, contains and requires a 50-DCNNC-30 motif in its 30 flank
for efficient processing by Drosha and its cofactors (Auyeung

et al., 2013; Fellmann et al., 2013). To retain the functionality of

this critical motif as well as the XhoI and EcoRI restriction sites

used for cloning (Fellmann et al., 2013), while approaching the

natural average, we converged on an optimized 74-nt spacing

(Figure S1B). As a first step to evaluate the Multi-miR design,

we assessed Pten and Bcl2 knockdown by immunoblotting in

a mouse fibroblast cell line (NIH/3T3) after single-copy transduc-

tion of LEPG viral vectors (Fellmann et al., 2013) expressing one,

two, or four shRNAs (Table S1). Using the conventional tandem

design, we observed a strong decrease in potency of shRNAs

in the two- and four-shRNA vectors compared with their sin-

gle-shRNA counterparts (Figure 1C). In contrast, using the

Multi-miR system, only a slight decrease in potency was

observed with two shRNAs, and even four-shRNA vectors

showed considerable target knockdown.

To further assess differences between the tandem and Multi-

miR design, we next evaluated shRNAs targeting two redundant

Tankyrase genes: Tnks (GeneID: 21951) and Tnks2 (GeneID:

74493). For accurate quantitative comparison, we adapted the

RNAi sensor assay (Fellmann et al., 2011) to measure target

knockdown efficiency by flow cytometry via a fluorescence

reporter containing shRNA target sites in its 30 UTR (Figure 1D).

After transducing NIH/3T3 cells with the dTomato reporter con-

structs and sorting for high dTomato expression, we transduced

the cells with the respective shRNA vectors and assessed target

knockdown (Figure 1E). For both Tnks and Tnks2, dual-shRNA

tandem constructs showed significantly less target knockdown

than their single-shRNA counterparts. Conversely, the Multi-

miR system retained full knockdown potency for double-shRNA

constructs compared with single shRNAs, highlighting the

importance of appropriate spacing.

In order to expand this analysis, we chose another set of four

genes (Alas1, Chil1, Trp63, Cdk9) and quantified their knock-

down levels by qRT-PCR in NIH/3T3s upon single-copy trans-

duction of LEPG shRNA vectors (Fellmann et al., 2013) express-

ing one, two, or four miR-E shRNAs from a Multi-miR cluster

(Figure 2A). As observed above, target knockdown potencies us-

ing the Multi-miR system remained nearly unchanged in the

presence of additional shRNAs (Figure 2B). Specifically, seven

out of seven dual-shRNA Multi-miR constructs showed target

knockdown efficiencies as good as or better than their single-

shRNA counterparts, and four out of seven four-shRNA Multi-

miR clusters showed no significant decrease in RNAi potency
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Figure 1. Spacing is critical for efficient co-processing of clustered shRNAs

(A) Human and mouse miR-17-92 clusters. The precursor microRNAs (miRNAs) (stem-loop structures defined by Drosha processing) across both clusters are

separated by 35–96 nt.

(B) Multi-miR system for combinatorial RNAi. For co-expression of several miR-E shRNAs, we modeled the Multi-miR architecture after the human and mouse

miR-17-92 clusters, with 74-nt spacing between stem-loop elements. Combinatorial shRNA expression is directly linked to a fluorescence marker. X, XhoI re-

striction site; E, EcoRI restriction site; E, destroyed EcoRI restriction site.

(C) Shorter spacing of concatenated shRNAs improves target knockdown efficiency. Comparison between a tandemdesignwithwider spacing and theMulti-miR

system for simultaneous expression of multiple miR-E shRNAs. Shown is immunoblotting of Pten and Bcl2 in NIH/3T3 cells transduced at single copy with the

indicated single, double, or quadruple miR-E shRNA constructs. Identical shRNA sequences were either concatenated using the conventional tandem design or

cloned into a tighter cluster following the Multi-miR strategy. Actb was used as loading control.

(D) Sensor assay for fluorescence-based quantification of RNAi knockdown efficiency. A reporter (sensor) construct containing shRNA target sites in the 30 UTRof

a fluorescence reporter (dTomato) was stably transduced into NIH/3T3 cells. After sorting for dTomato-high, cells were transduced with GFP-containing shRNA

expression vectors. Reduction of dTomato fluorescence was quantified at day 8 post transduction by flow cytometry as a readout for RNAi efficiency.

(E) Multi-miR clusters enable dual-shRNA expression without loss of knockdown potency. Select shRNAs targeting Tnks and Tnks2 were expressed alone or in

combination using the tandem or Multi-miR system. RNAi efficiency was quantified according to (D). dTomato fluorescence was normalized (norm) to a non-

targeting control shRNA (shCtnnb1.S2). Error bars show the standard error of the mean (SEM) (n = 3). Significance was calculated using the two-tailed Student’s

t test with alpha = 0.05. ns, not significant.
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Figure 2. Multi-miR systems retain knockdown efficiency of up to four shRNAs

(A) Assessment of RNAi potency when expressingmiR-E shRNAs either alone or in Multi-miR clusters of two to four shRNAs. All constructs were expressed using

LEPG vectors. LTR, long terminal repeat promoter. Psi (c+), packaging signal.

(B) Target knockdown quantification by qRT-PCR of Trp63, Cdk9, Alas1, and Chil1 mRNA levels in NIH/3T3 cells transduced at single copy with the indicated

single, double, or quadruple Multi-miR constructs. mRNA expression levels were normalized to shRen.713. Error bars show the SD (n = 3). Significance was

calculated using the two-tailed Student’s t test with alpha = 0.05. ns, not significant. #, shAlas1.2 targets its transcripts after a proximal alternative cleavage

and polyadenylation (ApA) site, explaining why it shows no knockdown. ##, the 2-shRNA vector was slightly but significantly more efficient.
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compared with their respective single-shRNA constructs. Addi-

tionally, target knockdown potencies were independent of the

shRNA’s position within the cluster. For example, shTrp63.1

and shTrp63.2 at position one alone showed comparable po-

tencies with when they were placed at position three in a four-

shRNA Multi-miR, and shCdk9.2 alone showed similar potency

to when at the end of a four-shRNA construct. Overall, this dem-

onstrates that the Multi-miR architecture enables robust combi-

natorial knockdown for up to three to four dimensions.

Combinatorial in vivo knockdown
To assess the ability of the Multi-miR system to concomitantly

suppress several genes in vivo, we delivered vectors encoding

the Myc oncogene together with vectors coding for GFP-linked

shRNAs targeting the tumor suppressorsTrp53,Pten, orApc indi-

vidually, dual Multi-miR clusters targeting Trp53-Pten or Trp53-

Apc, and triple Multi-miR clusters targeting Trp53-Pten-Apc,

through hydrodynamic tail vein injection (Figure 3A). Animals

were monitored for the appearance of tumors by palpation. No

liver tumors were observed in C57BL/6 control mice injected
4 Cell Reports Methods 2, 100239, July 18, 2022
with the Myc transposon only, while shTrp53;Myc (median =

65 days), shPten;Myc (median = 109 days), shApc;Myc (median =

52 days), shTrp53-shPten;Myc (median = 59 days), shTrp53-

shApc;Myc (median = 36 days), and shTrp53-shPten-shApc;Myc

(median = 31 days) mice succumbed to liver tumors with progres-

sively shorter median tumor-free survival (Figures 3B and 3C).

Simultaneous Multi-miR-mediated suppression of Trp53, Pten,

andApc led toa remarkableabundanceof liver tumors (Figure3C).

Importantly, Multi-miR shRNAs triggered potent knockdown of all

targets in tumor samples independent of the amount of shRNAs

per vector (Figure 3D) and further affected downstream signaling

such as abnormally high levels of b-catenin (Ctnnb1) in nuclei

upon Apc knockdown (Figure S2A). Together, this demonstrates

that theMulti-miR systemenables highly efficientmulti-target inhi-

bition in vivo.

Robust dox-inducible RNAi of essential genes in the
brain
Many in vivo experiments focus on identifying and validating

therapeutic targets that are essential within the testing context
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Figure 3. Multi-miR mediated inhibition of tumor suppressor genes in the mouse liver

(A) Diagram depicting the generation of autochthonous liver tumor models using hydrodynamic tail vein injection. The injection delivers transposons expressing

the Myc oncogene to the liver, together with GFP-linked Multi-miR shRNAs targeting multiple tumor suppressor genes (Trp53, Pten, Apc). BL6, C57BL/6 mice.

(B) Kaplan-Meier survival curves of mice treated with hydrodynamic tail vein injections of transposon vectors expressing Myc and GFP-linked miR-E shRNAs

targeting Trp53, Pten or Apc, or Multi-miR shRNAs targeting Trp53-Pten, Trp53-Apc, or Trp53-Pten-Apc (n = 5). C57BL/6 mice injected with theMyc transposon

and Multi-miR shTrp53-shPten-shApc succumbed to liver tumors with a median tumor-free survival of 31 days, while others produced tumors with longer

median survival (Myc: no onset of disease, shTrp53;Myc = 65 days, shPten;Myc = 109 days, shApc;Myc = 52 days, shTrp53-shPten;Myc = 59 days, shTrp53-

shApc;Myc = 36 days). Statistical significance was calculated using the log rank (Mantel-Cox) test (*p < 0.05; **p < 0.01).

(legend continued on next page)
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(e.g., synthetic lethal genes). Additionally, for cancer drug dis-

covery, it is often necessary to induce target inhibition only after

tumor initiation, requiring an inducible system. Unfortunately,

such setups—where escape from the testing strategy enables

cell survival—pose a particular technological challenge because

escaping subpopulations will expand over time and decrease

the overall effect (Amen et al., 2021; McJunkin et al., 2011).

These problems are compounded for multi-target inhibition.

Past mitigation strategies often involved establishing mono-

clonal sublines with strong individual shRNA expression (Zuber

et al., 2011b, 2011c), but they come with caveats due to the

monoclonal nature of the approach. To overcome these limita-

tions, we set out to generate an optimized dox-inducible, all-

in-one Tet-On lentiviral vector for single or multiplexed miR-E

expression (Figure 4A).

Compared with previous LT3GEPIR vectors (Fellmann et al.,

2013), the pCF806 (UT4GEPIR) vectors utilize a V10 variant of

the reverse Tet-transactivator that is more sensitive to dox

(Zhou et al., 2006) and a ubiquitous chromatin opening element

(UCOE) to protect from epigenetic inactivation (M€uller-Kuller

et al., 2015; Zhang et al., 2010). The pCF806 vectors also

feature the improved TRE3GV promoter (Clontech), a GFPmarker

linked to shRNA expression, a miR-E or Multi-miR cassette, an

EFS promoter-driven puromycin resistance marker, and IRES2-

rtTAV10. To assess the dox response of pCF806, we transduced

U251 glioblastoma (GBM) cells at single copy with either

LT3GEPIR or pCF806 vectors expressing a non-targeting control

shRNA (shRen.713) and treated themwith increasing concentra-

tions of dox (0 ng/mL, 1 ng/mL, 2 ng/mL, 4 ng/mL, 8 ng/mL,

16 ng/mL, 31 ng/mL, 63 ng/mL, 125 ng/mL, 250 ng/mL,

500 ng/mL, 1,000 ng/mL). Overall, pCF806 showed stronger

shRNA induction (monitored by GFP expression) and over 1

log-scale higher sensitivity to dox (Figures 4B and 4C), while

maintaining the same minimal leakiness in absence of dox.

Given the strong inducibility of pCF806, we next decided to

test the targeting of an essential gene. Replication protein A, a

heterotrimeric single-stranded DNA binding protein complex

composed of RPA1/2/3, is a highly conserved key essential

gene that is often used as a control for functional genomics as-

says, especially when developing in vivo models (Amen et al.,

2021; McJunkin et al., 2011; Zuber et al., 2011b). RPA1/2/3

cannot compensate for each other, making every one of them

essential. Hence, we chose RPA1, designed shRNAs against it

using theSplashRNAalgorithm (Pelossof et al., 2017), andcloned

them into LT3GEPIR and pCF806. After transducing U251 GBM

cells at single copy and selecting them on puromycin, we treated

the cells with the indicated concentrations of dox for 72 h and

quantified target knockdown by qRT-PCR (Figure 4D). Although

both vectors led to similar RPA1 knockdown at the highest dox

concentration (1,000 ng/mL), LT3GEPIR-shRPA1.393, -844,

and -1578 vectors did not induce any knockdown at 16 ng/mL

dox, while pCF806-shRPA1.393, -844, and -1578 vectors led to
(C) Representative images showing typical liver tissue and tumors (top), GFP sig

50 mm.

(D) Quantification of target knockdown in tumor samples. Total RNA was extrac

transposon and the indicated shRNA constructs. Expression levels of Trp53, Pten

Error bars represent the SD.
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significant target inhibition. This further highlights the improved

dox sensitivity of pCF806. Of note, pCF806 vectors also consis-

tently led to higher viral titers (Figure S3A).

To assess possible in vivo benefits of pCF806, we transduced

luciferase-expressing U251 cells at single copy with LT3GEPIR

or pCF806 vectors expressing dox-inducible shRen.713 and

shRPA1.844. After puromycin selection, we injected the cells

into the right frontal lobe to establish intracerebral GBM xeno-

grafts (Figure 4E). Bioluminescence monitoring showed that

dox administration, after tumor establishment, had no effects

on tumors encoding a negative control shRNA (shRen.713) and

only slightly suppressed tumor growth when an shRNA targeting

RPA1 was expressed from LT3GEPIR (Figure 4F). In contrast,

expression of the same shRPA1.844 from pCF806 led to a strong

reduction in tumor signal and associated moderate increase in

overall survival (Figures 4F, 4G, and S3B).

Efficient combinatorial in vivo RNAi of redundant
synthetic lethal gene nodes
Encouraged by the results from the intracranial GBM xenografts,

we proceeded to evaluate benefits of the Multi-miR and pCF806

system for combinatorial in vivo RNAi. RAF, a set of downstream

RAS effectors, is a redundant gene node that is synthetic lethal in

KRAS-mutant tumors (Yuan et al., 2014). Because the three RAF

effectors are redundant, and hence can compensate for each

other, only complete simultaneous inhibition of A-, B-, and

C-RAF (also called RAF1) can phenocopy KRAS inhibition (Fig-

ure 5A). This need for inducible, concomitant, and robust triple

inhibition thus poses a critical technological challenge for the

assessment of combination strategies, making it a good bench-

mark for testing improved systems.

To evaluate the efficiency of triple-RAF inhibition, we first

cloned KRAS (shKRAS.234, 355) and RAF (shARAF.381, 169;

shBRAF.2015, 1296; shCRAF.2446, 387) shRNAs, whichwe pre-

viously designed (Fellmann et al., 2011; Yuan et al., 2014), into

pCF806 as single shRNAs or triple-shRNA Multi-miR clusters

(shABC1=shARAF.381-shBRAF.2015-shCRAF.2446; shABC2=

shARAF.169-shBRAF.1296-shCRAF.387). We then validated

each vector at single copy by immunoblotting in the KRAS

wild-type NSCLC cell lines PC9 and H1975 (Figures S4A and

S4B). While shARAF.381 did not work well alone and failed as

part of the triple construct, the pCF806-shABC2 Multi-miR vec-

tor led to very strong knockdown of all three RAFs. To further

measure functional consequences of target knockdown, we

used a competitive proliferation assay comparing KRAS with

ABC-RAF inhibition. Surprisingly, triple ABC-RAF knockdown

with the stronger set of shRNAs (shABC2) fully phenocopied

KRAS knockdown in KRAS-mutant H2009 NSCLC cells

(Figures S4C and S4D).

We next cloned shABC2 into LT3GEPIR to compare the two

vector systems. In cell culture, triple single-copy ABC-RAF

knockdown in H2009 was slightly stronger when using the
nals (middle), and hematoxylin and eosin (H&E) staining (bottom). Scale bar,

ted from liver tumors in two independent mice (n = 2) injected with the Myc

, and Apc were assessed by qRT-PCR. Each qRT-PCR was done in triplicate.
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Figure 4. A platform for efficient dox-inducible RNAi in the brain

(A) Schematic of all-in-one Tet-On lentiviral vectors for doxycycline (dox) inducible shRNA expression. Both vectors can be usedwith either a single miR-E shRNA

or a Multi-miR cassette. TRE, tetracycline responsive element; rtTA, reverse tetracycline-controlled transactivator; PGK, phosphoglycerate kinase promoter;

EFS, EF1-alpha short promoter; UCOE, ubiquitous chromatin opening element; Puro, puromycin resistance marker; IRES, internal ribosome entry site.

(B) Flow cytometry quantification of shRNA induction (GFP+) in U251 glioblastoma (GBM) cells stably transduced with the indicated vectors and treated with

various concentrations of dox for 48 h. The cells had initially been transduced at single copy (<20%GFP+), followed by selection on puromycin before the assay.

(C) Dox titration curves showing sensitivity and efficiency of shRNA induction (GFP+) for the indicated vectors. Shown are data from cells partially represented in

(B). Error bars indicate the SD (n = 3).

(D) Quantification (qRT-PCR) of RPA1 knockdown in U251 GBM cells expressing the indicated shRNAs from LT3GEPIR or pCF806 vectors. Cells were trans-

duced at single copy, followed by selection on puromycin, and treatment with various concentrations of dox for 72 h. Error bars represent the SD (n = 3). Sig-

nificance was calculated using the two-tailed Student’s t test with alpha = 0.05. ns, not significant. ***p < 0.001.

(E) Schematic of intracranial GBM xenografts. U251GBMcells stably expressing luciferase and dox-inducible, all-in-one shRNA constructs were injected into the

right frontal lobe of the brain. After tumor establishment, animals were treated with dox chow (625mg/kg), starting at day 21 post injection, and weremonitored by

bioluminescence imaging.

(F) Bioluminescence brain tumor imaging ofmice expressing shRPA1.844 (essential gene) or shRen.713 (negative control) from LT3GEPIR or pCF806 (UT4GEPIR)

vectors. Radiance is given as photons/s/cm2/sr. Significance was calculated using the two-tailed Student’s t test.

(G) Kaplan-Meier survival curves of mice expressing an essential gene-targeting shRNA (shRPA1.844) from LT3GEPIR or UT4GEPIR (pCF806) vectors. Signif-

icance was calculated using the log rank test.
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Figure 5. Combinatorial in vivo RNAi of redundant synthetic lethal gene nodes

(A) Inducible triple-RAF inhibition in a non-small cell lung cancer (NSCLC) model. KRAS-mutant H2009 NSCLC cells stably transduced with dox-inducible Multi-

miR constructs targeting all three RAF effectors (shABC2) or a negative control (shRen) were injected into the flanks of mice. After tumor establishment to

�100 mm3 (47 days), animals were treated with dox to induce shRNA expression. Tumor volumes were longitudinally monitored.

(B) Validation of ARAF, BRAF, and CRAF (also called RAF1) knockdown by immunoblotting in KRAS-mutant NSCLC H2009 cells expressing shRNAs targeting all

three RAFs (shABC2 = shARAF.169-shBRAF.1296-shCRAF.387) or a negative control (shRen.713). Indicated shRNAs were expressed from either LT3GEPIR or

UT4GEPIR (pCF806) vectors at single-copy genomic integration. Cells were treated with dox (1,000 ng/mL) for 72 h to induce shRNA expression prior to harvest.

(C) Tumor progression in mice treated with LT3GEPIR or UT4GEPIR (pCF806) vectors. Shown are the means and standard deviations of tumor volumes from

H2009 flank tumors expressing the indicated single or multiplexed shRNAs. After tumor establishment, all mice were treated with dox to induce shRNA expres-

sion. Significance was calculated using the Mann-Whitney U test with Holm-Sidak p value adjustment. ns, not significant (alpha = 0.05).

(D) Analysis of terminal tumor size. Shown is the change in H2009 flank tumor volume at day 15 of treatment (+/� dox) compared with day 0. shRen, shRen.713

negative control; shABC2, shARAF.169-shBRAF.1296-shCRAF.387. Significance was calculated using a non-parametric one-way ANOVA (Kruskal-Wallis test)

with alpha = 0.05. ns, not significant.
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pCF806 vector rather than LT3GEPIR (Figure 5B). However, this

relatively modest in vitro effect translated into a critical difference

when looking at the consequences on tumor progression in vivo

using an NSCLC flank tumor model (Figure 5C). While some

LT3GEPIR-shABC2 tumors responded well to dox treatment,

others escaped and showed little overall response. In contrast,

all pCF806-shABC2 tumors treated with dox showed a strong

response, resulting in a significant decrease in tumor volume at

endpoint (Figure 5D). At the same time, tumors expressing nega-

tive controls (LT3GEPIR-shRen.713, pCF806-shRen.713) and

non-treated tumors (no dox) showed no effects and continued

tumor growth. Overall, the optimized pCF806 vector and Multi-

miR system enabled robust dox-inducible triple-knockdown of

a redundant synthetic lethal gene node in vivo, providing a blue-

print for efficient higher-order combinatorial RNAi.

DISCUSSION

RNAi provides a valuable platform for reversible loss-of-function

genetics in vitro and in vivo. However, the lack of robust strate-
8 Cell Reports Methods 2, 100239, July 18, 2022
gies for multi-target inhibition, as well as subpopulations of cells

escaping dox-inducible target knockdown in vivo, have hindered

the use of RNAi for combinatorial approaches. Here, we demon-

strate that the Multi-miR architecture and pCF806 (UT4GEPIR)

vector system enable robust (efficient, durable) inducible combi-

natorial in vivo RNAi with minimal loss of potency up to three to

four dimensions, even in the context of strong selective pressure

that favors escapees. Additionally, the Multi-miR system and

pCF806 vector are readily compatible with the miR-E shRNA

scaffold and SplashRNA design algorithm for easy integration

with existing resources (Fellmann et al., 2013; Pelossof et al.,

2017).

The high sensitivity to low dox concentrations of the pCF806

system not only enables an efficient response in intracranial

models encumbered by the blood-brain barrier but will also be

a boon for the use of lower dox concentrations in other settings

to reduce possible dox-based side effects (Das et al., 2016;

Moullan et al., 2015; Zhou et al., 2006). We further showed that

this system is more resistant to shRNA inactivation in vivo, mini-

mizing the emergence of escaper populations and alleviating the
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need for clonal populations to achieve clean readouts. Conse-

quently, this strategy saves time by avoiding the need for

monoclonal lines and grants the option to maintain a polyclonal

population that better reflects clinical scenarios. Together, the

robust combinatorial RNAi platform developed here will advance

functional genomics to better understand gene interaction net-

works and accelerate the development of combination

therapies.
Limitations of the study
While theMulti-miR architecture and pCF806 (UT4GEPIR) vector

system showed critical advantages over prior methods in the cell

culture and xenograft settings tested here, we have not yet as-

sessed this platform in transgenic setups. Additionally, in immu-

nocompetent animal models, it might be necessary to replace

immunogenic vector components (e.g., puromycin resistance

marker, rtTA) and/or tolerize the animals to our system to achieve

full activity.
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b-actin Sigma-Aldrich Clone AC-15
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H2009 ATCC Cat#CRL-5911; RRID: CVCL_1514

H1975 ATCC Cat#CRL-5908; RRID:CVCL_1511

PC9 BIDMC RRID:CVCL_B260

Experimental models: Organisms/strains

Female athymic nu/nu mice The Jackson Laboratory RRID:IMSR_JAX:002019

Female C57BL/6 mice Harlan Laboratories N/A

Oligonucleotides

Primers, shRNAs See Table S1 N/A

Recombinant DNA

Plasmid: pCF806-reci (UT4GEPIR) This paper (Table S1) Addgene, pCF806-reci, Cat#186711
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Plasmid: pCF806-shABC1 (UT4GEPIR) This paper (Table S1) Addgene, pCF806-shABC1, Cat#186713

Plasmid: pCF806-shABC2 (UT4GEPIR) This paper (Table S1) Addgene, pCF806-shABC2, Cat#186714

Plasmid: LT3GEPIR Fellmann et al. (2013) N/A

Software and algorithms

SplashRNA algorithm to predict shRNA sequences Pelossof et al. (2017) http://splashrna.mskcc.org/
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Fellmann (christof.fellmann@gladstone.ucsf.edu).

Materials availability
Plasmids generated in this study are deposited at Addgene (pCF806-reci, #186711; pCF806-shRen.713, #186712; pCF806-shABC1,

#186713; pCF806-shABC2, #186714).
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d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mammalian cell culture
All mammalian cell cultures weremaintained in a 37�C incubator at 5%CO2. Phoenix HEK293T packaging cells andHEK293T human

kidney cells (293FT; Thermo Fisher Scientific, #R70007; RRID:CVCL_6911) were grown in Dulbecco’s Modified Eagle Medium

(DMEM; Corning Cellgro, #10-013-CV) supplemented with 10% fetal bovine serum (FBS; Seradigm #1500-500), and 100 units/mL

penicillin and 100 mg/mL streptomycin (100-Pen-Strep; Gibco, #15140-122). U-251 human glioblastoma cells (Sigma-Aldrich,

#09063001; RRID:CVCL_0021) were cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12; Gibco,

#11320-033 or Corning Cellgro, #10-090-CV) supplemented with 10% FBS and 100-Pen-Strep. NIH/3T3 (ATCC; RRID:CVCL_0594)

were maintained in DMEM with 10% bovine calf serum or 10% fetal bovine serum (FBS) containing 100-Pen-Strep. H2009 (ATCC,

#CRL-5911; RRID: CVCL_1514) and H1975 (ATCC, #CRL-5908; RRID:CVCL_1511) NSCLC cell lines were purchased from ATCC.

The PC9 (RRID:CVCL_B260) lung cancer cell line was a gift from Dr. Stephen Soltoff of Beth Israel Deaconess Medical Center. All

lung cancer cell lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM; Corning Cellgro, #10-013-CV) supplemented

with 10% fetal bovine serum (FBS; Cellgro, #35-010-CV) and 100 units/mL penicillin and 100 mg/mL streptomycin (100-Pen-Strep;

Gibco, #15140-122).

U-251 cells were authenticated using short tandem repeat DNA profiling (STR profiling; UC Berkeley Cell Culture/DNA Sequencing

facility), as previously described (Amen et al., 2021). U-251 and HEK293T were tested, and confirmed negative, for mycoplasma

contamination (UC Berkeley Cell Culture facility) by fluorescence microscopy of methanol fixed and Hoechst 33,258 (Polysciences,

#09460) stained samples.

Animal studies
All animal procedures were carried out in compliance with respective Institutional Animal Care and Use Committee (IACUC) guide-

lines approved by the Memorial Sloan Kettering Cancer Center (MSKCC) IACUC, the University of California, San Francisco (UCSF)

IACUC, and the Sanford Burnham Prebys Medical Discovery Institute IACUC. Experimental mice were maintained under specific

pathogen free conditions.

Hydrodynamic tail vein injection
Female C57BL/6mice (6-8weeks of age, Harlan Laboratories) were injectedwith a 0.9%NaCl solution/plasmidmix into the lateral tail

vein with a total volume corresponding to 10% of body weight in 5-7 s. The plasmid/sterile 0.9% NaCl solution mix was prepared

containing pT3-EF1a-GFP-miR-E (20 mg) and pT3-EF1a-Myc (5 mg) transposon vectors together with CMV-SB13 Transposase

(1:5 ratio) for each injection. The pT3 transposon vector was a kind gift of Dr. Xin Chen, UCSF. The miR-E shRNAs used were

sh.Trp53.1224, sh.Pten.1523, sh.Apc.8745 (Table S1).

Intracerebral glioblastoma xenograft model
U-251 cells were stably transduced with Firefly Luciferase Lentifect Purified Lentiviral Particles (Genecopoiea, #LPP-FLUC-Lv105) at

anMOI of 3. 4x105 cells were injected in a 4 mL total volume into the right frontal cortex (ML:1.5mm, AP:1mm,DV:3.5mm) of 6-7week

old female athymic nu/numice (The Jackson Laboratory, RRID:IMSR_JAX:002,019). Animals were excluded from analysis if surgical

complications arose immediately (within 48 h) post-surgery, or if location of injection was deemed inaccurate via luciferase imaging.

Approximate tumor size was monitored via bioluminescence imaging (IVIS Lumina S5 Imaging System, PerkinElmer) 1-2 times per

week following intraperitoneal injection of luciferin reagent (GOLDBIO, #LUCK-1G) at 150 mg/kg. Animals were weighed three times

per week, and once daily after initial weight loss was observed. General behavior and symptomology for all mice were recorded daily.

Humane endpoints for sacrifice were hunched posture, >15%weight loss frommaximum recorded weight, or neurologic symptoms,

and were verified by approved UCSF veterinary technicians.

Non-small cell lung cancer (NSCLC) flank tumor model
H2009 cells were transduced at single-copy using either LT3GEPIR or UT4GEPIR (pCF806) containing shRNAs targeting all three RAFs

(shABC2 = shARAF.169-shBRAF.1296-shCRAF.387) or a negative control (shRen.713). This resulted in the generation of four unique

H2009 cell lines (LT3GEPIR shRen.713, LT3GEPIR shABC2, pCF806 shRen.713, and pCF806 shABC2). 13 106 H2009 cells per con-

dition were mixed with matrigel in a 1:1 (v/v) ratio and kept on ice prior to injection. H2009 cell/matrigel mix were injected into both

abdominal flanks of 7-8 week old female athymic nu/nu mice (The Jackson Laboratory, RRID:IMSR_JAX:002,019). Tumor establish-

ment was determined by monitoring injection sites for formation of palpable tumors and subsequent measuring using digital calipers.

At 45 days post injection, tumors reached�70-125mm3 andmicewere randomized to doxycycline treated and untreated groups.Mice
e2 Cell Reports Methods 2, 100239, July 18, 2022
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in the doxycycline treatment control groupwere placed on doxycycline chow (Envigo Teklad #TD.01306, 625mg/kg). To ensure robust

activation, doxycycline-treatedmicewere supplementedwith oral gavage of doxycycline (10mg/mL) twice weekly to achieve an effec-

tive dose of 50 mg of doxycycline per gram ofmouse bodyweight. Tumormeasurements were performed every other day up to 15 days

post treatment initiation, using digital calipers. General behavior and changes inweight were recorded every other day to ensure animal

health was maintained.

METHOD DETAILS

Cloning of Multi-miR vectors
NewmiR-E shRNA sequenceswere predicted using the SplashRNA algorithm (Pelossof et al., 2017). The shRNA numbers refer to the

position of the shRNA, specifically the 30 nucleotide of the guide strand, on the target transcript. Single miR-E shRNAswere cloned as

previously described (Dow et al., 2012; Fellmann et al., 2013; Pelossof et al., 2017). Multi-miR expression cassettes were cloned by

concatenating multiple shRNAs cloned into miR-E, using LEPG (Fellmann et al., 2013), LT3GEPIR (Fellmann et al., 2013), pT3-

EF1a-GFP-miR-E (Huang et al., 2014), or similar vectors. Each shRNA was cloned behind the previous one by generating a 74 nt

spacing between consecutive pre-miRNAs (Figure S1B), when considering canonical Drosha cleavage sites (Fellmann et al.,

2013). Specifically, existing miR-E shRNAs were PCR amplified using the primers Multi-mini-sh-fw and Multi-sh1-rev for LEPG/

LT3GEPIR/UT4GEPIR (pCF806) vectors, or Multi-mini-sh-fw and Multi-sh2-rev for pT3-EF1a-GFP-miR-E vectors. Primers were or-

dered from IDT (Integrated DNA Technologies, Table S1). Following cleanup (QIAquick PCR Purification Kit, Qiagen), the PCR prod-

ucts were digested with BbsI (NEB) and MluI (NEB) in NEBuffer 2.1 (37�C) and column purified again. Destination vectors (LEPG,

LT3GEPIR, UT4GEPIR (pCF806), pT3-EF1a-GFP-miR-E, or similar), already containing one or several miR-E shRNAs, were digested

with EcoRI-HF (NEB) andMluI-HF (NEB) in CutSmart buffer (37�C), CIP (NEB) treated for 45 min and column purified (QIAquick PCR

Purification Kit, Qiagen). ThemiR-E inserts were then ligated into the destination vectors (T4 DNA ligase, NEB) at a 3:1molecular ratio,

using 150 ng destination vector per ligation. After transformation, bacterial amplification and plasmid preparation, vectors were con-

trol sequenced with the primers MSCV50, miRseq5, PGK-rev, and EFS-rev, as appropriate.

The pCF806 (UCOE-TRE-GFP-miR-E-EFS-Puro-IRES-rtTA, UT4GEPIR) vectors (Table S1) were loosely based on the lentiviral

backbone of pCF525 (Watters et al., 2018). For sustained transgene expression, a modified CBX3 ubiquitous chromatin opening

element (UCOE) (Zhang et al., 2010) from pMH0001 (Adamson et al., 2016) was introduced at the beginning of the expression

cassette. The TRE-3GV promoter (pLVX-TRE3G, Clontech) was derived from TRE-3G in LT3GEPIR (Fellmann et al., 2013) by

PCR-based modification. GFP-miR-E cassettes were subcloned from LEPG and LT3GEPIR vectors (Fellmann et al., 2013). The

EFS promoter and the puromycin resistance marker were amplified from pCF226 (Oakes et al., 2019). An improved IRES2 element,

derived from the encephalomyocarditis virus (EMCV, NC_001,479.1), was cloned using gBlocks (IDT). The V10 variant of rtTA (Zhou

et al., 2006) was generated using gBlocks (IDT).

RNAi sensor assay
The concept of the RNAi sensor assay was described previously (Fellmann et al., 2011). Here, the sensor assay was adapted using

NIH/3T3 cells. For Tnks- and Tnks2-specific reporters, shRNA target sequences for Tnks or Tnks2, respectively, were arrayed and

synthesized as gBlocks (IDT), followed by cloning into the 30UTR of a dTomato sensor vector. Following transduction of target cells,

the top 20%brightest dTomato-positive cells were isolated by FACS. Sorted cells were then transducedwith shRNA-expressing viral

constructs at 1:10 dilution to achieve approximately single copy integration. Reduction of dTomato fluorescence was quantified at

day 8 post-transduction by flow cytometry as a readout of RNAi efficiency.

Retroviral and lentiviral transduction
Retroviral particles were produced as previously described (Fellmann et al., 2011). Lentiviral particles were produced in HEK293T

cells using polyethylenimine (PEI; Polysciences #23966) based transfection of plasmids, as previously described (Amen et al.,

2021; Oakes et al., 2019). In brief, lentiviral vectors were co-transfected with the lentiviral packaging plasmid psPAX2 (Addgene

#12260) and the VSV-G envelope plasmid pMD2.G (Addgene, #12259). Transfection reactions were assembled in reduced serum

media (Opti-MEM; Gibco, #31985-070). For lentiviral particle production on 6-well plates, 1 mg lentiviral vector, 0.5 mg psPAX2

and 0.25 mg pMD2.G were mixed in 0.4 mL Opti-MEM, followed by addition of 5.25 mg PEI. After 20-30 min incubation at room tem-

perature, the transfection reactions were dispersed over the HEK293T cells. Media was changed 12-14 h post-transfection, and virus

harvested at 42-48 h post-transfection. Viral supernatants were filtered using 0.45 mm polyethersulfone (PES) membrane filters,

diluted in cell culture media as appropriate, and added to target cells. Polybrene (5 mg/mL; Sigma-Aldrich) was supplemented to

enhance transduction efficiency, if necessary. Transduction efficiency was usually assessed 48 h after transduction by quantification

of fluorescent reporters using flow cytometry (Guava EasyCyte, Millipore or Attune NxT, Thermo Fisher Scientific). Where a specific

transduction rate was desired, transductions were carried out at different dilutions and ideal dilution ratios deduced. All shRNAswere

assessed at single copy genomic integration (‘‘single copy’’) by infecting target cell population at <20% of their maximal infection

rate, guaranteeing <2% cells with multiple integrations (Fellmann et al., 2011). Transduced cell populations were usually selected

24-48 h after transduction, using 1.0-2.0 mg/mL puromycin (Sigma-Aldrich or InvivoGen) or 500-2000 mg/mL G418 (Geneticin,

Gibco-Invitrogen).
Cell Reports Methods 2, 100239, July 18, 2022 e3



Article
ll

OPEN ACCESS
RNA isolation and quantitative RT-PCR
For validation ofMulti-miR shRNAs in NIH/3T3 cells, total RNA fromcells was extracted using TheRNeasy Kit andRNase-Free DNase

Set (Qiagen) according to themanufacturer’s instructions. For Multi-miRmediated inhibition of tumor suppressor genes in themouse

liver, total RNA from liver tumors was extracted using the AllPrep DNA/RNAMicro Kit and RNase-Free DNase Set (Qiagen) according

to themanufacturer’s instructions. cDNA synthesis was prepared from 1 mg total RNA using Taqman reverse transcription kit (Applied

Biosystems, #N808-0234) with random hexamers. For comparison of LT3GEPIR and pCF806 efficacy, RNA isolation and cDNA gen-

eration was performed using the Cells-to-CT kit (Invitrogen, #4402954), per themanufacturer’s instructions. qRT-PCR analyses were

carried out in technical triplicate using SYBR green (Applied Biosystems) and specific primers (Table S1).Measurementswere carried

out using the ViiA seven system (Life Technologies) or a QuantStudio five Real-Time PCR machine (Thermo Fisher Scientific). The

mRNA expression levels were normalized to the levels of mouse Actb mRNA, or human GUSB mRNA, and quantified using the

comparative CT method.

Immunoblotting
Unless otherwise stated, cells were transduced at single copy with the constitutive retroviral vector LEPG (Fellmann et al., 2013) ex-

pressing the indicated single, double or quadruple miR-E shRNA constructs. NIH/3T3 or murine tumor cell pellets were lysed in

Laemmli buffer (100 mM Tris-HCl pH 6.8, 5% glycerol, 2% SDS, 5% 2-mercaptoethanol). Equal amounts of protein were separated

on SDS-polyacrylamide gels and transferred to PVDFmembranes. The abundance of b-actin (ACTB, Actb) was monitored to ensure

equal loading. Images were analyzed using the AlphaView software (ProteinSimple) and quantified by ImageJ. Immunoblotting was

performed using antibodies for Bcl2 (1:1000, BioLegend, clone BCL/10C4), Pten (1:1000, Cell Signaling, #9188), b-actin (1:10,000,

Sigma-Aldrich, clone AC-15).

NSCLC cell lines (H2009, H1975, PC9) were transduced at single-copy with lentiviral vectors LT3GEPIR and UT4GEPIR (pCF806).

NSCLC total cell lysates were lysed in RIPA buffer containing 1%Triton X-100, 0.1%SDS, 150mMNaCl, 50mMTris-HCl pH 7.5, and

Halt protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific). Protein concentration was measured using BCA assay

(Thermo Fisher Scientific) and 25 mg of total cell lysate were run and separated on SDS-polyacrylamide gels. Proteins were then

transferred to 0.45 mM nitrocellulose membranes, which were then probed overnight with primary antibody at 4�C. Equal protein
loading was verified using ɑ-tubulin as a loading control. Immunoblotting was performed using the following antibodies: A-RAF

(1:1000, Cell Signaling Technology, #75804), B-RAF (1:1000, Cell Signaling Technology, #14814), C-RAF (1:1000, Cell Signaling

Technology, #53745), KRAS (1:1000, Abnova, #H00003845-M01, clone 3B10-2F2), ɑ-tubulin (1:10,000, Sigma Aldrich, #T6199).

Immunohistochemistry
Mouse liver tissues fixed in 10% neutral buffered formalin (NBF) for 24 h, were embedded in paraffin and sectioned by IDEXX RADIL

(Columbia, MO). Sections were rehydrated and unmasked as described previously (Dow et al., 2015). Sections were treated with 3%

H2O2 for 10 min followed by a wash in deionized water (for IHC only), washed in PBS, and blocked in TBS/0.1% Triton X-100 con-

taining 1% BSA. Primary rabbit anti-GFP (1:200, Cell Signaling, #2956), rabbit anti-Pten (1:200, Cell Signaling, #9188) and mouse

anti-b-catenin (1:200, BD Biosciences, #610153) antibodies were incubated at 4�C overnight in blocking buffer solution. Sections

were then incubated with anti-rabbit (Vector Laboratories, #MP7401) or anti-mouse (Vector Laboratories, #MP2400) ImmPRESS

HRP-conjugated secondary antibodies and chromogen development performed using ImmPact DAB (Vector Laboratories,

#SK4105). Stained slides were counterstained with Harris’ hematoxylin. Immunohistochemistry images were taken on a Zeiss Axio-

scope Imager Z.1 using a 10X (Zeiss NA 0.3) or 20X (Zeiss NA 0.17) objective.

QUANTIFICATION AND STATISTICAL ANALYSIS

For all in vivo studies, Prism 9 and Microsoft Excel software were used to calculate p values. Statistical significance was calculated

using the two-tailed Student’s t test (*, p < 0.05; **, p < 0.01; ***, p < 0.001), unless otherwise indicated. Statistical significance for

Kaplan-Meier survival curves was calculated using the log rank (Mantel-Cox) test. Significance of changes in tumor volume were

calculated using the Mann-Whitney U tests with Holm-Sidak p value adjustment as control for family-wise error rate (FWER) or a

non-parametric one-way ANOVA (Kruskal-Wallis test), as indicated. Other specific statistical tests were used as indicated.
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