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SUMMARY

The mechanistic target of rapamycin complex 1 (INnTORC1) is a master regulator of cell growth that stimulates
macromolecule synthesis through transcription, RNA processing, and post-translational modification of
metabolic enzymes. However, the mechanisms of how mTORC1 orchestrates multiple steps of gene expres-
sion programs remain unclear. Here, we identify family with sequence similarity 120A (FAM120A) as a
transcription co-activator that couples transcription and splicing of de novo lipid synthesis enzymes down-
stream of mMTORC1-serine/arginine-rich protein kinase 2 (SRPK2) signaling. The mTORC1-activated SRPK2
phosphorylates splicing factor serine/arginine-rich splicing factor 1 (SRSF1), enhancing its binding to
FAM120A. FAM120A directly interacts with a lipogenic transcription factor SREBP1 at active promoters,
thereby bridging the newly transcribed lipogenic genes from RNA polymerase Il to the SRSF1 and U1-
70K-containing RNA-splicing machinery. This mTORC1-regulated, multi-protein complex promotes efficient
splicing and stability of lipogenic transcripts, resulting in fatty acid synthesis and cancer cell proliferation.
These results elucidate FAM120A as a critical transcription co-factor that connects mTORC1-dependent
gene regulation programs for anabolic cell growth.

INTRODUCTION

Cancer cells rewire metabolic pathways to support increased
demands for continuous proliferation.’? Mechanistic target of
rapamycin complex 1 (mTORCH1) signaling, which is activated
in almost all human cancers, is one of the key mechanisms
responsible for such metabolic rewiring. In normal cells,
mTORC1 works as a molecular rheostat to promote macromol-
ecule synthesis upon environmental cues, such as growth fac-
tors and nutrients. It does so by activating metabolic enzymes
directly or through the regulation of metabolic gene expres-
sion.> For instance, upon insulin stimulation, nTORC1 induces
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de novo lipid synthesis by upregulating the expression and activ-
ity of sterol regulatory element-binding proteins (SREBPs), a
master transcription factor of lipogenic enzymes.® In cancer
cells, however, overactive mTORCH1 signaling constitutively pro-
motes SREBP-dependent lipogenic enzyme expression for tu-
mor cell growth and proliferation.®'°

In addition to regulating transcriptional programs, mTORC1
also activates metabolic enzymes through post-transcriptional
RNA processing.'"~"* Previously, we found that mTORC1-regu-
lated S6 protein kinase 1 (S6K1) phosphorylates serine/arginine-
rich protein kinase 2 (SRPK2) to stimulate its nuclear transloca-
tion and phosphorylation of downstream serine/arginine-rich
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Figure 1. mTORC1-SRPK promotes interaction of SRSF1 with FAM120A
(A) Mass spectrometry analysis of peptides identified in the SRSF1 interactome. HEK293E cells expressing SRSF1-V5 were treated with DMSO or torin1 (250 nM)
for 4 h, and SRSF1-binding proteins were co-immunoprecipitated (colP) by anti-V5 antibody. Each dot represents abundance of individual peptides (n = 4-9 for

each protein) in log,[Torin1/DMSQ]. Data are reanalyzed from a previous publication.'?

(B and C) ColP analysis of HEK293E cells expressing FAM120A-V5 and SRSF1 (B) or FAM120A and SRSF1-V5 (C). Cells were treated with torin1 (250 nM) or
rapamycin (100 nM) for 4 h. 1% of total cell lysate was loaded as an input.

(legend continued on next page)
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splicing factor 1 (SRSF1).' Such phosphorylation facilitates
SRSF1’s interaction with U1 small nuclear ribonucleoprotein
(snRNP) 70 kDa (U1-70K), a core spliceosome protein that initi-
ates assembly of the spliceosome complex on target pre-
mRNAs.">™"" Serine/arginine-rich (SR) proteins are additional
components of the spliceosome complex that potentiate co-
transcriptional splicing.'®®' For example, SRSF2 directly
interacts with RNA polymerase Il (RNA Pol Il) and peroxisome
proliferator-activated receptor (PPAR) gamma co-activator
1-alpha (PGC1a) for efficient splicing of mitochondrial biogen-
esis genes.”” Interestingly, the mTORC1-SRPK2-dependent
activation of SRSF1 induces lipogenic gene splicing, but the un-
derlying mechanism for this specificity is unclear.

In this study, we identified family with sequence similarity 120A
(FAM120A) as a transcription co-factor and RNA-binding protein
(RBP) that determines the specificity of genes spliced down-
stream of mMTORC1-SRPK2 signaling. Upon mTORCH1 activation,
the SRPK2-phosphorylated SRSF1 binds with FAM120A and
U1-70K, forming a multi-protein complex with SREBP1, a lipo-
genic gene transcription factor, and RNA Pol Il to mediate selec-
tive splicing of lipogenic genes. Our findings provide mechanistic
insights into how oncogenic mTORC1 signaling coordinates the
interactions among transcription factors, RBPs, and target gene
transcripts to promote cancer cell growth by connecting tran-
scription and pre-mRNA splicing to the translation of metabolic
enzymes.

RESULTS

mTORC1-SRPK2 signaling promotes SRSF1 interaction
with FAM120A
To investigate how mTORC1-SRPK2 signaling regulates lipo-
genic mRNA splicing via SRSF1, we previously performed a pro-
teomics-based SRSF1 interactome analysis with or without
torin1 (MTOR catalytic inhibitor). Most SRSF1-bound proteins
were well-known RNA-processing proteins, including a spliceo-
some protein, U1-70K, which we characterized as a key
mTORC1-dependent SRSF1 interactor in our previous study.'?
Additionally, we found FAM120A, whose peptide abundance in
the SRSF1-bound fraction was decreased by torin1 (Figure 1A).
FAM120A is an RBP that locates in the nucleus and associates
with RNA Pol Il and spliceosome proteins.?**° Co-immunopre-
cipitation (colP) analysis confirmed FAM120A binding with
SRSF1, which was suppressed by torin1 (Figure 1B). Rapamy-
cin, an mTORC1-specific inhibitor, also blunted their association
(Figure 1C).

SRSF1 contains two RNA recognition motifs (RRM1 and
RRM2) and a C-terminal arginine/serine (RS)-rich domain (Fig-

Molecular Cell

ure 1D).?” ColP experiments revealed that SRSF1 mutants lack-
ing either of the two RRM domains (SRSF1-ARRM1 or SRSF1-
ARRM2) do not interact with FAM120A, suggesting that RNA
binding is essential for the association of these two proteins
(Figures 1E and S1A). In contrast, deletion of the RS domain of
SRSF1 (SRSF1-ARS) dramatically enhanced the binding be-
tween SRSF1 and FAM120A that was insensitive to rapamycin
or torin1, indicating an inhibitory function of RS domain in
FAM120A-SRSF1 interaction (Figures 1E and S1A). The RS
domain of SRSF1 has been shown to form a folded structure
with the RRM1/2 domains, 2% and phosphorylation of the RS
domain by SRPK opens this folded structure and promotes the
binding of SRSF1 with other proteins.'>'>?**° Indeed, suppres-
sion of SRSF1 phosphorylation by inhibitors targeting mTORC1
(rapamycin and torin1) or SRPK (SRPKIN-1 and SRPIN340)>"*?
decreased interaction of full-length SRSF1 (SRSF1-wild type
[WT]) with FAM120A, whereas the interaction of RS-domain-
lacking mutant (SRSF1-ARS) with FAM120A was not affected
by these inhibitors (Figures 1E, 1F, S1A, and S1B). Furthermore,
insulin-induced SRSF1 phosphorylation and SRSF1-FAM120A
association was suppressed by knockdown of endogenous
SRPK2, which was restored by re-expression of WT SRPK2
but not by kinase dead (KD, SRPK2-K110M) or mTORC1-depen-
dent phosphorylation-site-lacking (AA, SRPK2-S494A/S497A)
mutants'® (Figures 1G and S1C). These results demonstrate
that, when mTORC1 is activated, SRPK2 facilitates the associa-
tion of FAM120A with SRSF1’s RRM domain by phosphorylating
its RS domain (Figure 1D).

FAM120A promotes lipogenic enzyme expression

Given the interaction of FAM120A with RNA Pol II** and
mTORC1-SRPK2-dependent interaction of FAM120A with
SRSF1 (Figure 1), we reasoned that FAM120A would be involved
in the regulation of gene expression downstream of mTORC1-
SRPK2. We performed RNA sequencing (RNA-seq) analysis in
a kidney-angiomyolipoma-patient-derived cell line (LAM 621-
101 or LAM cells where mTORC1 is activated due to TSC2 defi-
ciency)®® after transfection with small interfering RNAs (siRNAs)
targeting control or FAM120A (Figure 2A). To identify the genes
downstream of mTORC1-SRPK2-dependent regulation of
FAM120A, we compared FAM120A knockdown RNA-seq re-
sults with our previous whole-transcriptome microarray data
from LAM cells treated with rapamycin or SRPK2 knockdown
(GEO: GSE104335).'> Among the 6 genes commonly down-
regulated in these three conditions, 5 were lipid metabolism
regulators, including ATP citrate lyase (ACLY), acyl-coenzyme
A (CoA) synthetase short chain family member 2 (ACSS2),
fatty-acid-binding protein 3 (FABP3), hydroxysteroid 11-beta

(D) Schematic diagram describing mTORC1-SRPK2-dependent phosphorylation of SRSF1 and the domains of wild-type (WT) and mutant SRSF1 constructs.

RRM: RNA recognition motif. RS, arginine/serine-rich domain.

(E and F) ColP analysis of HEK293E cells expressing FAM120A-V5 and T7-SRSF1 (WT or mutants). Cells were treated with torin1 (250 nM) (E) or SRPK inhibitors
(SRPKIN-1, 5 uM; SRPIN340, 30 uM) (F) for 4 h. 1% of total cell lysate was loaded as an input. IgG light chain (IgG, 25 kDa) and non-specific bands (asterisks) are

indicated.

(G) ColP analysis of HEK293E cells expressing FAM120A-V5 and HA-SRPK2 (WT [wild type], KD [kinase dead, SRPK2-K110M], or AA [non-phosphorylatable,
SRPK2-S394A/S397A]). Endogenous SRPK2 was knocked down by short hairpin RNA (shRNA) targeting 3' UTR of SRPK2. Cells were serum starved overnight
followed by insulin (100 nM) stimulation for 4 h. 1% of total cell lysate was loaded as an input.

See also Figure S1.
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dehydrogenase 1 (HSD11B1), and mevalonate diphosphate de-
carboxylase (MVD) (Figures 2B and 2C). Pathway enrichment
analysis of the genes downregulated by siFAM120A also ranked
lipogenesis as one of the top FAM120A downstream biological
processes (Figure 2D). Because de novo fatty acid and choles-
terol synthesis enzymes were the major target of mTORC1-
SRPK2-SRSF1 signaling,'? we further looked into the level of
individual genes in FAM120A RNA-seq and found that
FAM120A depletion significantly decreased the expression of
enzymes in de novo lipid synthesis pathway (Figures 2E and 2F).

To examine whether FAM120A-dependent lipogenic gene
regulation is relevant in other cancers, we knocked down
FAM120A in a panel of mTORC1-overactive cancer cell lines
derived from diverse tissues of origin and different genetic
drivers such as H1299 (NRAS-mutated non-small-cell lung
cancer),®* DLD1 (KRAS-mutated colorectal adenocarcinoma),*®
MCF7 (phosphatidylinositol 3-kinase [PI3K]-mutated breast
cancer),®® and LNCaP (PTEN-deficient prostate cancer).®’
Across all these cells, FAM120A depletion decreased lipogenic
enzymes at both mRNA and protein levels (Figures 2G-2P and
S1D-S1H). In contrast, expression of another metabolic enzyme
known to be regulated by mTORC1 for nucleotide synthesis,
ribose 5-phosphate isomerase A (RPIA),'%°® was not regulated
by FAM120A (Figures S1D-S1H), indicating a specific role of
FAM120A in regulating lipogenic enzyme expression.

FAM120A promotes RNA splicing and stability of
lipogenic enzymes

Next, we sought to elucidate the underlying mechanisms
for FAM120A-dependent lipogenic gene regulation. Because
FAM120A binds to phosphorylated SRSF1 (Figure 1) and
exists in the spliceosome complex,”*® we speculated that
FAM120A may regulate lipogenic gene expression via RNA spli-
cing. To assess splicing changes, we performed deep RNA-seq
of LAM cells knocked down with FAM120A or SRSF1. Differen-
tially expressed gene analysis identified a total of 2,895 genes
whose expression is significantly altered in siFAM120A or
siSRSF1 cells compared with control (siNTC) (cutoff: |log,(fold
change or FC)| > 0.5 and q value < 0.01). Among these, 1,585
genes were downregulated by both FAM120A and SRSF1
knockdown (Figures 3A and S2A; Tables S1A and S1B). Pathway
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enrichment analysis revealed that lipid-synthesis-related path-
ways, including cholesterol biosynthesis (q value = 6.45E—07),
activation of gene expression by SREBP (q value = 1.07E—06),
and oleate biosynthesis (g value = 0.00822), were among the
top biological processes of the genes commonly regulated by
FAM120A and SRSF1 (Figure S2B; Table S1C).

For comprehensive evaluation of splicing events regulated by
FAM120A and SRSF1, we analyzed the RNA-seq data using
vertebrate alternative splicing and transcription tools (VAST-
TOOLS).*® We identified 11,237 differential splicing events by
FAM120A knockdown and 5,844 by SRSF1 knockdown, which
includes intron retention (IR), alternative 5’ splicing site, alterna-
tive 3’ splicing site, and micro-exon splicing. Among these, IR
was the most prevalent splicing events by comprising 85% of
the differential splicing events in siFAM120A and 73% in
siSRSF1 (Figure S2C). To quantitate IR events more precisely,
we calculated IR ratio (IR ratio = intronic abundance/[exonic + in-
tronic abundance]) using IRFinder-S software,*® which demon-
strated a significant increase of IR by FAM120A or SRSF1
knockdown (Figure 3B). From the cutoff of q value < 0.1 and
logoFC > 0, we selected 9,589 (siFAM120A/siNTC) and 2,849
(siSRSF1/siNTC) displaying significant IR events. Finally, by
comparing the 1,893 IR events identified in both siFAM120A
and siSRSF1 conditions and 1,585 commonly downregulated
genes, we found 408 IR events in 186 genes (Figures S2D and
S2E; Table S1D). Pathway enrichment analysis of these final
candidate genes revealed that IR is enriched in lipid metabolism
genes, such as cholesterol metabolism (q value = 0.01145),
omega-9 fatty acid synthesis (q value = 0.01541), and meta-
bolism of lipids (q value = 0.03637), suggesting that FAM120A
and SRSF1 control expression of lipid metabolism genes by pro-
moting splicing of their introns (Figure S2F; Table S1E).

From in-depth analysis of RNA-seq results on lipogenic genes,
we found significantly increased IR by FAM120A or SRSF1
knockdown in FASN, ACSS2, MVD, and HMGCS1 (Figures 3C,
3D, and S2E; Table S1D). We validated these IR events by
gPCR using the primers specifically targeting the introns
identified from RNA-seq (Figure 3E). Failed splicing and IR lead
to degradation of transcripts via nonsense-mediated decay
(NMD), which we previously found as the mechanism for
mTORC1-SRPK2-SRSF1-dependent regulation of lipogenic

Figure 2. FAM120A is required for the expression of lipogenic enzymes

(A) Heatmap of Z scores for differentially expressed gene levels (cutoff: |loga(fold change or FC)| > 1, g value < 0.005) in LAM 621-101 cells (hereinafter referred to
as LAM cells) transfected with siRNAs targeting FAM120A or non-targeting control (NTC, hereinafter referred to as control) (GEO: GSE207172). n = 3. Same RNA-
seq results are used in (A)-(F).

(B) Venn diagram analysis of the differentially regulated genes (cutoff: linear fold change > 1.5) identified from the whole-transcriptome microarray and RNA-seq
analyses in LAM cells. The gene expression analyses were conducted on cells treated with rapamycin (20 nM) or vehicle for 24 h, on cells stably expressing
shRNASs targeting SRPK2 or GFP (GEO: GSE104335),'? or on cells transfected with siRNAs targeting FAM720A or control (GEO: GSE207172).

(C) Fold decrease of 6 commonly downregulated genes from the Venn diagram analysis in (B). Fold decrease values from siNTC vs. siFAM120A RNA-seq analysis
are shown.

(D) Pathway analysis of downregulated genes by FAM120A knockdown.

(E) Schematic of de novo lipogenesis.

(F) Heatmap of Z scores for the lipogenic gene levels decreased by FAM120A knockdown.

(G-K) gPCR analysis of LAM (G), H1299 (H), DLD1 (l), MCF7 (J), and LNCaP (K) cells transfected with siRNAs targeting FAM120A or control and serum starved
overnight. n = 3. Data are represented as mean + SD. *p < 0.05, **p < 0.01, and ***p < 0.001.

(L-P) Immunoblot analysis of LAM (L), H1299 (M), DLD1 (N), MCF7 (O), and LNCaP (P) cells transfected with siRNAs targeting FAM120A or control and serum-
starved overnight.

See also Figure S1.
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enzymes.'?*"*? To examine whether the same mechanism
underlies in FAM120A-dependent regulation of lipogenic ge-
nes, we assessed RNA stability by actinomycin D assay.*®
FAM120A knockdown accelerated degradation of lipogenic
gene transcripts including ACSS2, ACLY, FASN, HMGCST,
and MVD (Figures 3F-3J). In contrast, the stability of RPIA, which
is not regulated by mTORC1-SRPK2-FAM120A-SRSF1-depen-
dent splicing, was not dramatically changed (Figure 3K).
Suppression of NMD by knocking down a key NMD factor, up-
frameshift 1 (UPF1), restored lipogenic gene RNA stability
(Figures 3F-3J), as well as their expression levels in FAM120A
knockdown cells (Figure 3L). Therefore, FAM120A induces
expression of lipogenic enzymes by promoting efficient intron
splicing and stability of their RNA.

FAM120A interacts with SRSF1 through lipogenic gene
transcripts

Among the FAM120 family proteins, only FAM120A has been
identified to be associated with spliceosomes®>?*?° and con-
tains an RNA-binding domain (RBD) (Figure 4A).***® Therefore,
we reasoned that RBD would play a critical role in FAM120A-
dependent lipogenic gene splicing. Indeed, removal of RBD
(FAM120A-ARBD) completely abolished its binding with lipo-
genic gene transcripts (Figures 4B and S3A). FAM120A-
ARBD failed to bind with SRSF1 (Figure 4C), suggesting that
RNA mediates FAM120A-SRSF1 interaction. In line with this
notion, treatment of cell lysates with ribonucleases RNase
A/T1 disrupted the interaction between FAM120A and SRSF1
(Figure 4D). Removal of SRSF1 RBD (SRSF1-ARRM) (Figures
1E and S1A) or ribonuclease treatment to SRSF1-ARS also
abrogated the binding of SRSF1 with FAM120A (Figure 4D),
confirming RNA as an essential component in FAM120A-
SRSF1 interaction. In the absence of FAM120A, SRSF1 did
not bind with lipogenic transcripts (Figures 4E and S3B), indi-
cating that FAM120A is required for the association of SRSF1
with lipogenic genes.

We then evaluated the functional significance of the binding
between FAM120A, SRSF1, and lipogenic transcripts in lipo-
genic gene expression. The expression of lipogenic enzyme
mRNA and protein levels was decreased by FAM120A knock-
down in multiple cancer cell lines (Figures 2G-2P), which was
rescued by WT FAM120A but not by RNA-binding-deficient
FAM120A-ARBD mutant (Figures 4F, 4G, and S3C-S3F). Abro-
gation of FAM120A-SRSF1 interaction by knocking down
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SRPK2 and re-expression of mutant SRPK2 proteins led to IR
and decreased expression of lipogenic genes (Figures 4H, 4l,
and S3G). Collectively, these results suggest that FAM120A fa-
cilitates recruitment of lipogenic transcripts to phosphorylated
SRSF1, which is essential for efficient splicing and expression
of lipogenic enzymes.

FAM120A recruits SRSF1 to lipogenic gene promoter

To regulate transcription and pre-mRNA splicing, SR proteins
are recruited to gene promoters and active transcription
sites.?%*5~*8 By analyzing previously published chromatin immu-
noprecipitation sequencing (ChIP-seq) data,’® we found that
Srsf1 is enriched near the promoter of lipogenic genes including
Acss2, Acly, and Fasn (Figures 5A-5C). ChIP-gPCR confirmed
that SRSF1 binds lipogenic gene promoters in diverse cancer
cells. However, binding of SRSF1 to these promoters was almost
completely abolished by FAM120A knockdown (Figures 5D-5F
and S4A-S4C), indicating that FAM120A is essential for bringing
SRSF1 to these promoters. To understand how FAM120A
achieves the specific recruitment of SRSF1 to lipogenic gene
promoters, we examined interaction of FAM120A with several
lipogenic transcription factors, including SREBP1/2, carbohy-
drate-response element-binding protein (ChREBP), liver X re-
ceptor (LXR) «/B, PPAR o/y, p300, and X-box-binding protein 1
(XBP1). Among these, only SREBP1 co-immunoprecipitated
with  FAM120A (Figure 5G). Furthermore, the binding of
SREBP1 at lipogenic gene promoters and their promoter activ-
ities were substantially decreased by FAM120A depletion
(Figures 5H-5J, S4D, and S4E), whereas SREBP1/2 depletion
abolished SRSF1 recruitment to lipogenic gene promoters (Fig-
ures 5K-5M and S4F-S4H). Therefore, FAM120A is the key
mediator that brings SREBP1 and SRSF1 together to the lipo-
genic genes (Figure S6).

FAM120A connects transcription and splicing
machineries to promote efficient splicing of

lipogenic genes

Next, we sought to further delve into the nature of the SREBP1-
FAM120A-SRSF1 complex. We and others have previously
identified U1-70K as the key spliceosome protein recruited to
the target genes upon phosphorylation of SRSF1 by mTORC1-
SRPK2.">"> Knockdown of U7-70K led to the IR of lipogenic
genes (Figures 6A and S5A), similar to knockdown of
FAM120A and SRSF1 (Figure 3). On the other hand, in the cells

Figure 3. FAM120A is required for the splicing and stability of lipogenic genes

(A) Volcano plot of gene expression from RNA-seq results in LAM cells transfected with siRNAs targeting FAM120A, SRSF1, or control with overnight serum
starvation (GEO: GSE229657). Lipogenic genes are highlighted in rectangles. n = 3. Same RNA-seq results are used in (A)-(D).

(B) Violin plot of 408 intron loci that show significant intron retention (IR) in siFAM120A and siSRSF1 compared with control.

(C) (Upper) Representative genome browser example of RNA-seq on FASN1 locus. (Lower) Zoom-in view of intron loci of FASN that are retained by FAM120A or

SRSF1 knockdown.

(D) Individual IR ratio calculated from IRFinderS of lipogenic genes from RNA-seq data.
(E) Validation of intron retention by gPCR analysis of LAM cells transfected with siRNAs targeting FAM120A, SRSF1, or control. Intron retention = (expression of

intron-included region)/(expression of intron-excluded region).

(F-L) gPCR analysis of LAM cells transfected with siRNAs targeting FAM120A, UPF1, or control, and serum starved overnight. Actinomycin D (Act D, 5 pg/mL)
was treated for the indicated time points for mRNA stability analysis (F-K). n = 3. p value (*) was calculated between siNTC and siFAM120A. p value (%) was

calculated between siFAM120A and siFAM120A + siUPF1.

Data are represented as mean + SD. *p < 0.05, **p < 0.01, **p < 0.001, #p < 0.01, and **p < 0.001.

See also Figure S2 and Table S1.
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Figure 4. FAM120A interacts with SRSF1 through lipogenic gene RNAs

(A) Schematic diagram of the domains in wild-type (WT) and RNA-binding domain (RBD)-deleted (ARBD) FAM120A.

(B) RNA immunoprecipitation gqPCR (RIP-gPCR) analysis of LAM cells expressing FAM120A WT or ARBD. IP was performed with IgG or anti-FAM120A anti-
bodies. The graph shows qPCR analysis of RIP products. n = 3. p value was calculated between IgG and FAM120A-WT.

(C) ColP analysis of HEK293E cells expressing SRSF1 with FLAG-FAM120A WT or ARBD. 1% of total cell lysate was loaded as an input. Asterisk indicates a non-

specific band.

(legend continued on next page)
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depleted with the transcription factor SREBP1/2, FAM120A
knockdown did not induce IR (Figures 6B and S5B), indicating
that transcription is the pre-requisite for the splicing of lipogenic
genes. Immunoprecipitation of endogenous FAM120A con-
firmed that RNA Pol Il and U1-70K associate with the SREBP1-
FAM120A-SRSF1 complex (Figure 6C). Ribonuclease treatment
abolished the binding among these proteins (Figure 6C),
showing that RNA is a key component of this multi-protein co-
transcriptional splicing complex. Notably, although deletion of
RBD of SRSF1 (SRSF1-ARRM) abolished its interaction with
FAM120A, the binding between FAM120A and SREBP1 was
intact (Figure 6D). In contrast, deletion of the RBD of FAM120A
(FAM120A-ARBD) dissociated binding of all three proteins (Fig-
ure 6E); hence, FAM120A bridges the binding between
SREBP1 and SRSF1. Indeed, SRSF1 did not directly bind with
SREBP1 (Figure S5C).

Given that the transcriptionally active nuclear form of SREBP1,
SREBP1(M), was identified to interact with FAM120A (Figure 5G),
we examined whether SREBP1 processing affects its inter-
action with FAM120A or vice versa. Depletion of cholesterol by
serum starvation induces cleavage of the precursor SREBP1(P)
to the mature SREBP1(M) in cancer cells (Figures 6F and 6G),
whereas insulin promotes SREBP1(M) production in non-
cancerous HEK293E cells*® (Figure 6H). In both cases, inhibition
of SREBP1 cleavage by 25-hydroxycholesterol (25-HC) treat-
ment®® prevented SREBP1(M) formation and its interaction
with FAM120A (Figures 6F-6H). However, neither FAM120A
knockdown nor the RNA-binding-defective FAM120A mutant
(FAM120A-ARBD) decreased SREBP1(M) levels (Figures 6E,
S5C, and S5D), demonstrating that FAM120A does not affect
SREBP1 cleavage.

Because SREBP1-FAM120A interaction was independent of
the SRSF1-FAM120A interaction (Figure 6D), we reasoned that
the formation of the SREBP1-FAM120A-RNA Pol Il transcription
complex would be independent of splicing complex formation.
Unphosphorylated SRSF1 cannot bind with FAM120A (Figures
1E-1G and S1A-S1C) or spliceosome protein U1-70K.">"® How-
ever, suppression of SRSF1 phosphorylation by SRPK inhibitor
(SRPKIN-1) did not disrupt the interaction of FAM120A with
SREBP1 and RNA Pol Il (Figures 6F-6H). Blocking SREBP1
cleavage by 25-HC treatment did not affect the binding of
FAM120A with SRSF1 and RNA Pol Il, either (Figures 6F-6H).
Together, these findings suggest that FAM120A bridges the
two independent transcription and splicing complexes to pro-
mote efficient splicing of newly transcribed lipogenic genes
(Figure S6).
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FAM120A is essential for lipid production and tumor
growth

To examine the functional relevance of FAM120A-dependent
lipogenic gene regulation, we measured levels of the four most
abundant fatty acids (C16:0, C16:1, C18:0, and C18:1) produced
by de novo lipid synthesis using liquid chromatography-mass
spectrometry (LC-MS).>" The knockdown of FAM120A markedly
depleted these fatty acids in LAM and H1299 cells (Figures 7A-
7C, S7A, and S7B). Consistent with the notion that these fatty
acids are critical for phospholipid membrane synthesis during
cell proliferation,®> FAM120A knockdown suppressed prolifera-
tion of various cancer cell lines (Figures 7D-7H and S7C-S7G).
Removal of exogenous lipid supply via lipoprotein-deficient
serum (LPDS)*® augmented growth defects in FAM120A
knockdown cells, which was rescued by supplementation of
exogenous lipoproteins or fatty acids (Figures 71-7M and S7H-
S70). Finally, FAM120A-depleted cells showed strongly reduced
xenograft tumor growth in vivo and re-expression of WT
FAM120A but not FAM120A-ARBD mutant partially rescued tu-
mor growth (Figures 7N, 70, and S7P). Together, these data
show that FAM120A-dependent lipogenic gene expression is
critical for fatty acid synthesis and growth of tumor cells.

DISCUSSION

Here, we discovered FAM120A as a unique factor that bridges
transcription and splicing of lipogenic genes for tumor cell
growth. As a transcription co-factor and RBP, FAM120A binds
to both transcription factor SREBP and splicing factor SRSF1
to connect efficient splicing of newly transcribed lipogenic
gene transcripts. This function of FAM120A is stimulated by
the mTORC1-activated SRPK2 signaling in various cancers
(Figure S6).

Splicing is carried out by a snRNP complex composed of small
nuclear RNAs and RNPs.** Although the core spliceosome com-
plex (U1, U2, U4, U5, and U6 snRNPs) recognizes exon-intron
borders and splices introns, additional RBPs are involved in
determining the target gene specificity and direction of the
splicing events. SR proteins are the splicing inducers that bind
to exonic splicing enhancer (ESE) sequences for the recruitment
of spliceosome complex.”® Association of SR proteins with the
spliceosome proteins is a highly regulated process, and we pre-
viously showed that mTORC1-SRPK2-dependent phosphoryla-
tion of SRSF1 promotes its interaction with U1-70K,"? a U1
snRNP protein involved in spliceosome formation initiation*°°.
In this study, we demonstrate that mTORC1-SRPK2 drives the

(D) ColP analysis of HEK293E cells expressing FAM120A-V5 and T7-SRSF1 (WT or mutants). Cell lysates were treated with RNases before IP. 1% of total cell

lysate was loaded as an input.

(E) RIP-gPCR analysis of LAM cells stably expressing shRNAs targeting FAM120A or control. Immunoprecipitation was performed with IgG or anti-SRSF1
antibodies. The graph shows qPCR analysis of RIP products. n = 3. p value was calculated between SRSF1-IP samples from shNTC and shFAM120A.

(F) gPCR analysis of LAM cells stably expressing FAM120A WT or ARBD in FAM120A knockdown cells. Cells were serum-starved overnight. n = 3.

(G) Immunoblot analysis of LAM, H1299, and DLD1 cells stably expressing FAM120A WT or ARBD in FAM120A knockdown cells. Cells were serum-starved

overnight.

(H and ) gPCR analysis of LAM cells stably expressing HA-SRPK2 (WT [wild type], KD [kinase dead, SRPK2-K110M], or AA [non-phosphorylatable, SRPK2-
S394A/S397A]). Endogenous SRPK2 was knocked down by shRNA targeting 3’ UTR of SRPK2. Cells were serum-starved overnight. Graphs show mRNA levels

(H) and intron retention (I). n = 3.

Data are represented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, and **p < 0.001.

See also Figure S3.
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selectivity of SRSF1-dependent splicing toward de novo lipid
synthesis genes through an SREBP1-interacting transcription
co-factor, FAM120A. SREBP1 is a transcription factor that re-
cruits transcription preinitiation complex proteins, including Pol
Il, TATA box-binding protein (TBP), and other general transcrip-
tion factors, such as transcription initiation factor IIA (TFIIA) and
TFIIB. Once Pol Il is released from the transcription initiation
stage, Pol Il enters an active elongation stage and moves along
the gene body with transcription elongation associated proteins,
including positive-transcription elongation factor b (P-TEFb) and
RNA-processing proteins.®’®° Therefore, it is unlikely that
SREBP1 piggybacks with Pol Il and SRSF1 through the tran-
script during transcription elongation. Instead, our proposed
mechanism highlights a key role for FAM120A in coordinating
transcription initiation and splicing of target genes by promoting
the formation of distinct complexes that augment the efficiency
of these processes. In the case of lipogenic gene transcription,
one complex is composed of FAM120A-Pol [I-SREBP1, whereas
the other one responsible for the splicing of newly transcribed
genes contains FAM120A-Pol 1I-U1-70K-SRSF1. Notably, the
two complexes form independently of each other, but they coop-
erate for the FAM120A-mediated co-transcriptional splicing of
lipogenic genes (Figures 6 and S6). This provides a bona fide
mechanism for the efficient coupling of transcription, splicing,
and stabilization of SREBP1-regulated lipogenic genes.

As a master regulator of cell growth, mTORC1 is acutely acti-
vated by nutrients and growth factors to coordinate macromole-
cule synthesis for cell growth. However, when mTORC1 is aber-
rantly and constitutively activated, as in many human cancers, its
activation leads to overgrowth and proliferation.®®®" Given the
vastly broad effect of mTORC1 in biological processes, it may
be important to target specific downstream signaling effectors
for therapeutic purposes to avoid severe toxicities of mTORC1
targeting drugs.®” Our data suggest that suppressing lipogenic
gene splicing via FAM120A binding inhibitors or SRPK inhibitors
would target a possible metabolic vulnerability. Splicing inhibi-
tors have been in clinical trials based on the findings that splicing
is overactivated in tumor cells.®® Because splicing is such a
fundamental process that occurs across all mammalian tissues
and cell types, splicing inhibitors caused toxic side effects in
patients.°> On the other hand, selectively targeting the
SRPK2-SRSF1-FAM120A axis could be an alternative therapeu-
tic strategy to preferentially suppress lipogenic enzymes with
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low toxicity. In fact, suppressing fatty acid synthesis by a second
generation fatty acid synthase (FASN) inhibitor was well tolerated
because de novo lipid synthesis is almost inactive in many cells
except for the hepatocytes and adipocytes.®®°® Looking for-
ward, it will be exciting to investigate if small molecule inhibitors,
oligonucleotides, and RNA-PROTACS (proteolysis targeting chi-
merics)®®"" that block FAM120A function and its interaction with
lipogenic transcripts (e.g., via its RBD) become important thera-
pies for the treatment of mTORC1-driven cancers.

Limitations of the study

In this study, we found FAM120A as a bona fide effector in the
mTORC1-SRPK2-SRSF1 signaling cascade that determines
the downstream target specificity toward lipid metabolism genes
(Figure S6). However, from the pathway enrichment analysis of
transcriptome and splicing changes in FAM120A and SRSF1
knockdown cells, we also identified interferon (IFN) signaling
and immune response genes, such as IFN stimulated genes
(ISGs) and major histocompatibility complex (MHC)-mediated
antigen-processing genes, as top biological processes regu-
lated by FAM120A and SRSF1 (Figure S2; Table S1). The poten-
tial regulation of the IFN pathway by FAM120A and SRSF1 is
particularly interesting because IFN signaling was among the
top biological pathways regulated by SRPK2 in our previous
study.'? The ISG, myxovirus resistance 1 (MX1), was, indeed,
one of the commonly downregulated genes by rapamycin,
SRPK2 knockdown, and FAM120A knockdown (Figure 2C).
These observations suggest that IFN-mediated immune res-
ponse could be another important biological function of
mTORC1-SRPK2-SRSF1-FAM120A pathway. Similar to de
novo lipid synthesis enzymes, ISGs are known to be transcribed
by master transcription factors such as signal transducer and
activator of transcription (STAT) and IFN regulatory factor
(IRF).”~"* Future studies will be required to identify the immune
transcription factor that interacts with FAM120A for the coordi-
nation of efficient transcription and splicing of ISGs. Although
traditional IFN signaling and immune research have been
focused on anti-viral responses, recent studies found that pro-
grammed cell-death ligand 1 (PDL1)-associated tumor resis-
tance is linked to the sustained expression of ISGs, including
MXI1.7>7"" Ultimately, understanding the role of SRPK2 and
FAM120A in immune checkpoint control can potentially
provide mechanistic insights for improving immunotherapeutic

Figure 5. FAM120A bridges SRSF1 to SREBP1 to induce lipogenic enzyme expression

(A-C) Analysis of Srsf1 chromatin immunoprecipitation (ChIP)-seq results (GEQO: GSE45517)“° in MEF cells near the transcription start sites of Acss2 (A), Acly (B),
and Fasn (C).

(D-F) ChIP-gPCR analysis of SRSF1 in target gene promoters. Immunoprecipitation was performed using IgG or anti-SRSF1 antibodies in LAM (D), H1299 (E),
and DLD1 (F) cells stably expressing shRNAs targeting FAM120A or control. Cells were serum-starved overnight. p value was calculated between shNTC and
shFAM120A. n = 3.

(G) ColP analysis of transcription factors in HEK293E cells expressing FAM120A-V5. 1% of total cell lysate was loaded as an input.

(H) ChIP-gPCR analysis of SREBP1 on target gene promoters. Immunoprecipitation was performed using IgG or anti-SREBP1 antibodies in LAM cells stably
expressing shRNAs targeting FAM120A or control. Cells were serum starved overnight. p value was calculated between shNTC and shFAM120A. n = 3.

(I and J) Promoter activity analysis of ACSS2 (l) and SCD1 (J) in LAM cells transfected with promoter constructs and siRNAs targeting FAM120A or control. n = 3.
(K-M) ChIP-gPCR analysis of SRSF1 in target gene promoters. Immunoprecipitation was performed using IgG or anti-SRSF1 antibodies in LAM (K), H1299 (L),
and DLD1 (M) cells stably expressing shRNAs targeting SREBP1/2 or control. Cells were serum-starved overnight. p value was calculated between shNTC and
shSREBP1/2. n = 3.

Data are represented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, and **p < 0.001.

See also Figure S4.
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Figure 6. FAM120A promotes efficient splicing of lipogenic genes by associating with transcriptional and splicing machineries

(A and B) gPCR analysis of intron retention in LAM cells transfected with siRNAs targeting U7-70K or control (A) and FAM120A, SREBP1/2, SREBP1/2 +
FAM120A or control (B). Cells were serum starved overnight. n = 3. Data are represented as mean + SD. *p < 0.05, **p < 0.01, and ***p < 0.001. p value was
calculated between siNTC and siFAM120A (B). n = 3.

(C) ColP analysis of HEK293E cells. Immunoprecipitation was performed using anti-FAM120A antibodies. Cell lysates were treated with RNases before IP. 1% of
total cell lysate was loaded as an input.

(legend continued on next page)
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Figure 7. FAM120A RNA binding is essential for lipogenesis and tumor growth

(A) Schematic of de novo fatty acid synthesis pathway.

(B and C) Heatmap of fatty acid levels. LC-MS analysis was performed on LAM cells transfected with siRNAs targeting FAM120A or control (B) and H1299 cells

stably expressing shRNAs targeting FAM120A or control (C)

with overnight serum starvation. n = 3.

(D-H) Cell proliferation analysis of LAM (D), H1299 (E), DLD1 (F), MCF7 (G), and LNCaP (H) cells stably expressing shRNAs targeting FAM120A or control. n = 3.

Data are represented as mean + SD.
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Yu et al.*%; RRID: CVCL_S879

Human: HEK293E ATCC Cat#293 c18; RRID: CVCL_6974
Human: HEK293T GenHunter Cat#Q401; RRID: CVCL_0063
Human: MCF7 ATCC Cat#HTB-22; RRID: CVCL_0031
Human: DLD1 ATCC Cat#CCL-221; RRID: CVCL_0248
Human: NCI-H1299 ATCC Cat#CRL-5803; RRID: CVCL_0060
Human: LNCaP ATCC Cat#CRL-1740; RRID:CVCL_1379
Experimental models: Organisms/strains

nu/nu athymic mice Envigo Cat#069
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

siRNA negative control-#1(siNTC) Sigma-Aldrich SIC001

siRNA negative control-#2(siNTC) Sigma-Aldrich SIC002

siRNA (Human SRSF1) Sigma-Aldrich SASI_Hs01_00115059
siRNA (Human SRSF1) Sigma-Aldrich SASI_Hs02_00342609
siRNA (Human UPF1) Sigma-Aldrich SASI_Hs01_00101017
siRNA (Human UPF1) Sigma-Aldrich SASI_Hs01_00101018
siRNA (Human U1-70k/SNRNP70) Sigma-Aldrich SASI_Hs02_00335028
siRNA (Human U1-70k/SNRNP70) Sigma-Aldrich SASI_Hs01_00165101
siRNA (Human FAM120A) Sigma-Aldrich SASI_Hs01_00149752
siRNA (Human FAM120A) Sigma-Aldrich SASI_Hs02_00345898
siRNA (Human FAM120A) Sigma-Aldrich SASI_Hs02_00345899
siRNA (Human SREBP1) Sigma-Aldrich SASI_Hs01_00051828
siRNA (Human SREBP1) Sigma-Aldrich SASI_Hs01_00051829
siRNA (Human SREBP1) Sigma-Aldrich SASI_Hs01_00051830
siRNA (Human SREBP2) Sigma-Aldrich SASI_Hs01_00075424
siRNA (Human SREBP2) Sigma-Aldrich SASI_Hs01_00075425
siRNA (Human SREBP2) Sigma-Aldrich SASI_Hs01_00075426
Primers for gPCR analysis, see Table S2 This paper N/A

Recombinant DNA

ACSS2 promoter construct SwitchGear Genomics Cat#S715263

SCD1 promoter construct SwitchGear Genomics Cat#S714484
pLX304-SRSF1-V5 Harvard plasmid Cat#HsCD00420441
Lentiviral packaging and envelope plasmids Dr. David Baltimore N/A

pcDNAB-EGFP Addgene Cat#13031
pKH3-HA-SRPK2-WT, K110M Dr. John Blenis Leeetal.”
pLNCX-HA-SRPK2-S494A/S497A Dr. John Blenis Leeetal.””
pLX304-FAM120A-V5 Harvard plasmid HsCD00440255
pPENTR1A-Flag-FAM120A(WT) This paper N/A
PENTR1A-Flag-FAM120A(ARBD) This paper N/A
pLenti-CMV-Puro-DEST Addgene Cat#17452
PENTR223-SRSF1 Harvard plasmid Cat#HsCD00367645
pLenti-CMV-Puro-SRSF1 This paper N/A
pLenti-CMV-Puro-FAM120A This paper N/A
pLenti-CMV-Puro-Flag-FAM120A(WT) This paper N/A
pLenti-CMV-Puro-Flag-FAM120A(ARBD) This paper N/A
PENTR223-FAM120A Harvard plasmid Cat#HsCD00438604

T7-SRSF1(WT)

T7-SRSF1(ARRM1)

T7-SRSF1(ARRM2)

T7-SRSF1(ARS)
pLKO.1-puro-Non-Mammalian shRNA Control
pLKO.1-puro-shSRPK2
pLKO.1-puro-shFAM120A
pLKO.1-puro-shSREBP1
pLKO.1-puro-shSREBP2

Dr. Adrian Krainer
Dr. Adrian Krainer
Dr. Adrian Krainer
Dr. Adrian Krainer
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Fregoso et al.”®
Fregoso et al.”®
Fregoso et al.”®
Fregoso et al.”®
SHCO002
TRCNO0000006274
TRCNO0000074918
TRCNO0000055325

TRCN0000020667

Software and algorithms

IRFinder-S

Lorenzi et al.*°

https://europepmc.org/article/
med/34749764

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

HISAT2 v2.2.1 Kim et al.”® https://www.nature.com/
articles/s41587-019-0201-4

StringTie2 v2.1.4 Kovaka et al.?° https://genomebiology.biomedcentral.
com/articles/10.1186/s13059-019-1910-1

DESeq?2 (v1.30.1) Love et al.®" https://genomebiology.biomedcentral.
com/articles/10.1186/s13059-014-0550-8

Enhanced Volcano v1.8.0 R package Blighe®” https://bioconductor.org/packages/
devel/bioc/vignettes/EnhancedVolcano/
inst/doc/EnhancedVolcano.html

Adobe Photoshop Adobe Adobe

Odyssey imaging system
enrichR v3.0 package
EI-MAVEN, Version 0.12.0

LI-COR Biosciences
Kuleshov et al.®®

Agrawal et al.®*

LI-COR Biosciences
https://git.ecdf.ed.ac.uk/sgrannem/pycrac
Elucidata

VAST-tools Irimia et. al.*® https://www.sciencedirect.com/science/
article/pii/S00928674140151287?
via%3Dihub

BioRender BioRender https://www.biorender.com/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, John
Blenis (job2064@med.cornell.edu).

Materials availability
All reagents generated in this study are available from the lead contact without restriction.

Data and code availability
® Sequencing data have been deposited at GEO with identifier GSE207172 and GSE229657. The original images have been
deposited at Mendeley Data (https://doi.org/10.17632/rgfgx9xb8w.1). All data are publicly available as of the date of publica-
tion. Accession numbers and DOI are listed in the key resources table.
® This paper does not report any original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Details of cell lines used have been provided under section “cell lines and cell culture” and details of mice used have been provided
under “mouse studies.”

Cell lines and cell culture

HEK293E and HEK293T cells were obtained from ATCC and GenHunter, respectively. Human renal angiomyolipoma-derived LAM
621-101 cell line (referred to as LAM cells in the manuscript) was provided by Dr. Henske (Harvard Medical School).>* H1299, DLD1,
MCF7, and LNCaP cells were obtained from ATCC. Cells were grown in DMEM with 10% FBS at 37°C with 5% CO, unless otherwise
indicated.

Mouse studies

All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at Weill Cornell Medicine. 6-week-
old female athymic nu/nu mice were purchased from Envigo. 1x10° cells resuspended in 100 pl of PBS (phosphate-buffered saline):
Growth Factor Reduced Matrigel (Corning) mixture (1:1) were subcutaneously inoculated into the posterior back regions of the
mouse. Once the tumor is formed two to three weeks post-inoculation, tumor length and width were measured 3 times a week using
a digital caliper. Tumor volume was calculated using the formula: Tumor volume = (Length x Width?)/2.
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METHOD DETAILS

Expression constructs

Expression constructs were transfected overnight using Lipofectamine 2000 (Invitrogen). pENTR223-FAM120A and pENTR223-
SRSF1 were obtained from Harvard PlasmID. pENTR223-FAM120A and pENTR223-SRSF1 recombined with pIx304-V5-DEST or
pLenti-puromycin-DEST vector by LR reaction (Gateway LR clonase Il enzyme mix, Invitrogen) to generate expression constructs.
To generate FAM120A RNA deletion mutant construct, the coding sequence of human FAM120A with or without RNA binding domain
(NM_014612.5) was cloned into pENTR1A vector (Notl and Sall). The SRSF1 WT and mutant constructs were a gift from Dr. Krainer
(Cold Spring Harbor Laboratory).”®

siRNA oligonucleotides
30 nM siRNA (Sigma-Aldrich; see list in key resources table) was transfected using Lipofectamine RNAIMAX reagent (Invitrogen).

Generation of stable cell lines

Lipofectamine 2000 reagent (Invitrogen) was used to co-transfect with the viral plasmid of interest with lentiviral packaging and en-
velope plasmids in HEK293T cells to generate lentivirus. After 60 hr of transfection, virus-containing supernatant was collected and
treated to the cells with 8 ng/mL polybrene overnight. Cells infected with pLKO.1-puromycin shRNA constructs (Sigma-Aldrich; see
list in key resources table) or pLenti-puromycin infected cells were treated with 2 pg/mL (H1299, DLD1, MCF7, and LNCaP) or
10 png/mL (LAM) puromycin for 2-3 days to select the infected cells. pLenti-pIx304-V5 infected cells were selected with 10 ng/mL
(H1299, DLD1, MCF7, and LNCaP) or 30 ug/mL (LAM) blasticidin. See construct list in key resources table.

Crystal violet staining

4% methanol-free formaldehyde (Polysis) was used to fix the cells for 10 min and incubated with 0.1% crystal violet solution (Sigma-
Aldrich) for 20 min at room temperature. The plates were washed with PBS 5 times, and the plates were scanned for image analysis
after overnight drying. To quantify the staining intensity, crystal violet was eluted by incubating the cells with methanol for 20 min.
Absorbance was measured at 570 nm (Envision plate reader, PerkinElmer).

Immunoblot analysis

After 2 times of cold PBS wash, cells were incubated on ice for 30 min with a RIPA (40 mM HEPES [pH7.4], 1 mM EDTA, 120 mM NaCl,
0.5 mM DTT, 0.1% Brij-35, 0.1% deoxycholate, and 0.5% NP-40) lysis buffer supplemented with protease inhibitors (250 uM PMSF,
5 ug/mL pepstatin A, 10 pg/mL leupeptin, and 5 pg/mL aprotinin) and phosphatase inhibitors (10 mM B-glycerophosphate, 1 mM
NaF, and 1 mM NazgVO,) to lysis cells. Soluble cell lysates were obtained after centrifugation at 21,130 x g at 4°C for 30 min to clear
the lysates. Protein concentration was measured with detergent compatible (DC) protein assay (Bio-rad) and the same amounts of
proteins were boiled for 10 min with Laemmli sample buffer to denature the protein structure. Equal amounts of proteins (15-50 ng)
were separated by SDS-PAGE gels and the proteins were transferred to nitrocellulose membranes (Amersham Biosciences). The
transferred nitrocellulose membrane was blocked with Odyssey blocking solution (LI-COR Biosciences) for an hour at room tem-
perature, and further incubated with primary and IRDye secondary antibodies (see antibody list on key resources table). Odyssey
imaging system (LI-COR Biosciences) was used to detect and quantify immunoblot signals. Immunoblot images show the represen-
tative images of at least two independent experiments.

Quantitative RT-PCR

Total RNA was harvested using PureLink RNA isolation kit (Life Technologies) according to the manufacturer’s protocol. DNase |
(Sigma-Aldrich) was treated to eliminate genomic DNA. cDNA was synthesized from total RNA by reverse-transcription reaction us-
ing iScript (Bio-rad). QuantStudio6 Real-Time PCR system (Life Technologies) was used to analyze the resulting cDNA using SYBR
green master mix (Life Technologies). Delta-delta CT method was used to calculate relative mRNA levels by normalization of house-
keeping genes ACTIN, GAPDH, PPIB, and TBP as controls. The primer list is in Table S2.

mRNA stability assay
Actinomycin D (5 pg/mL) was treated to cells for the indicated time points. Total RNA was extracted using Purelink RNA miniprep kit
and mRNA levels were analyzed by qPCR.

Luciferase promoter activity assay

LightSwitch dual assay system was used according to the manufacturer’s protocol (SwitchGear Genomics). Cells plated on a 6-well
plate were transfected with siRNAs targeting FAM120A or non-targeting control through Lipofectamine RNAiMax transfection re-
agent. After 2 days, the cells were co-transfected with 1 pg of renillia construct containing the promoter of the interested gene
and 0.2 ug of control cypridina construct using FUGENE HD transfection reagent (Promega). 24 hr after transfection, the activity
of renilla and cypridina luciferases was measured (Envision plate reader, PerkinElmer). For calculation of the promoter activities,
the renilla luciferase activity was normalized by the cypridina luciferase activity.
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RNA immunoprecipitation gPCR

Cells on a 15-cm plate were washed twice with ice-cold PBS and harvested into 15 mL tube. Cells were collected by centrifugation at
1,000 x g at 4 °C for 5 min. Cell pellets were resuspended with 1 ml lysis buffer (1 mM EDTA [pH8.0], 50 mM HEPES-KOH [pH7.5],
140 mM NaCl, 0.1% Sodium deoxycholate, 1% Triton X-100) supplemented with protease inhibitors (250 uM PMSF, 5 ng/mL pep-
statin A, 10 ng/mL leupeptin, 5 ng/mL aprotinin) and phosphatase inhibitors (10 mM B-glycerophosphate, 1 mM NaF, 1 mM NazVO,),
and RNase inhibitor (160 unit/mL, Invitrogen), and incubated on ice for 30 min. After centrifugation at 21,130 x g at 4°C for 30 min, the
supernatant was pre-cleared by incubating with 50 pL protein A/G beads. The pre-cleared lysate was incubated with 5 pg of IgG
(Mouse: Thermo Scientific, Rabbit: Cell Signaling Technology), anti-SRSF1, or anti-FAM120A antibody (Bethyl Laboratories) over-
night at 4°C. Then, 50 pL protein A/G magnetic beads were added to the lysate and incubated at 4°C for 1.5 hr to pull down anti-
body-associated complexes. The beads were washed 3 times with lysis buffer and RNA was eluted by incubating with 150 uL lysis
buffer containing 1% SDS and 1.2 mg/mL proteinase K (New England Biolabs) at 55°C for 30 min. The RNA elute was purified by
phenonol/chroloform extraction and precipitated with ammonium acetate and ethanol. Input and immunoprecipitated RNAs were
treated with DNase | (Sigma-Aldrich) and reverse-transcribed (iScript cDNA synthesis kit, Bio-rad), and the resulting cDNA was
analyzed by gPCR. The amount of transcripts (%) bound to the antibody was calculated: 100 x 2A[Ct(input) - Ct(IP)].

Co-immunoprecipitation of proteins

Cells on a 10-cm plate were harvested through centrifugation at 1,000 x g at 4°C for 5 min after three times washing with ice-cold
PBS. One mL of lysis buffer (20 mM Tris HCI [pH8.0], 137 mM NaCl, 1% Nonidet P-40, 2 mM EDTA) supplemented with protease
inhibitors (250 uM PMSF, 5 ng/mL pepstatin A, 10 ng/mL leupeptin, 5 ng/mL aprotinin) and phosphatase inhibitors (10 mM B-glyc-
erophosphate, 1 mM NaF, 1 mM NazVO,) was added, and incubated on ice for 30 min to lyse the cells with mechanical disruption by
syringe homogenization. After centrifugation at 21,130 x g at 4°C for 30 min, protein concentration was measured, and 1 mg of lysates
were incubated with anti-V5 (Sigma-Aldrich) or anti-Flag agarose affinity gels (Sigma-Aldrich) at 4°C for 1.5 h with gentle agitation to
pull down immune complexes. For endogenous IP, 1mg of lysates were incubated with 4 ug of anti-FAM120A (Thermo Fisher Sci-
entific) or rabbit IgG (Cell Signaling Technology) for overnight at 4°C h with gentle agitation to pull down immune complexes. 50 pL
protein A/G beads were added to the lysate and incubated at 4°C with gentle agitation for 1.5 hr to pull down antibody-associated
complexes. The immunoprecipitated beads were then washed 3 times with lysis buffer to remove non-specific binding and the im-
mune complexes were eluted by boiling with 2X Laemmli sample buffer for 5 min. The boiled beads were centrifuged at 845 x g for
5 min and supernatants were subjected to immunoblot analysis.

Ribonuclease treatment

Cells on a 10-cm plate were washed twice with ice-cold PBS and harvested by centrifugation at 1,000 x g at 4°C for 5 min. Cells were
lysed and physically disrupted by syringe homogenization in one mL of lysis buffer (20 mM Tris HCI [pH8.0], 137 mM NaCl, 1% Non-
idet P-40, 2 mM EDTA) supplemented with protease inhibitors (250 uM PMSF, 5 pg/mL pepstatin A, 10 ung/mL leupeptin, 5 ng/mL
aprotinin) and phosphatase inhibitors (10 mM B-glycerophosphate, 1 mM NaF, 1 mM NazVO,), and incubated on ice for 30 minutes.
After centrifugation at 21,130 x g at 4°C for 30 min, the clarified lysate was treated with a mixture of RNase A (100 pg/ml) (Invitrongen)
and RNase T1 (1 unit/pL) (Invitrongen) for 1 hr at room temperature prior to co-IP analysis.

Chromatin immunoprecipitation qPCR

Cells were incubated with 1% formaldehyde to fix the cells at room temperature for 10 min followed by quenching with 0.125 M
glycine for 5 min at room temperature. ChIP assays were performed using a commercially available kit (ChIP-IT Express, Active
Motif). First, lysis buffer was used to lyse the cells using a Dounce homogenizer to disrupt cells for harvesting chromatin. Isolated
chromatin was sheared by an enzyme for 15 min at 37°C (ChIP-IT Express Enzymatic Shearing Kit, Active Motif). Immunoprecipita-
tion was performed using anti-SRSF1 (32-4500, Invitrogen) or anti-SREBP1 (sc-13551, Santa Cruz) antibodies. Elution buffer
containing SDS buffer was used to elute complex from the beads and incubated with RNase and proteinase K after several washes.
Reverse crosslinking was performed by incubation overnight at 65°C, and a Chromatin IP DNA purification kit (Active Motif) was used
to purify ChIP DNA. QuantStudio6 Real-Time PCR system (Life Technologies) was used to analyze the resulting DNA samples by
gPCR. The amount of DNA (%) bound to the antibody was calculated: 100 x 2~[Ct(input) - Ct(IP)].

Lipid supplementation

To generate albumin conjugated palmitate, 10 mL of sodium palmitate (10 mM) was mixed with 10 mL of fatty acid-free BSA (1.66 mM
BSA solution) and incubated for 1 hr at 70°C. Cells stably expressing shRNAs targeting FAM120A or control were cultured in DMEM
with 10% lipoprotein-deficient serum (LPDS) supplemented with lipoprotein (25 ng/mL), oleate-albumin (50 uM; oleate), palmitate-
albumin (10 uM; palmitate), or fatty acid-free albumin (25 uM; control) to the media.

Mass spectrometry analysis of SRSF1 interactome

We previously reported the SRSF1 interactome using reductive dimethylation isotopic labeling to provide quantitative
comparisons between treated (torin1) and untreated cells.'” Those data were reanalyzed at the individual peptide level for the
bait protein, SRSF1-V5, and FAM120A. Data were manually extracted from each of two replicate analyses for all quantified peptides.
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A stringent signal-to-noise (SN) filter was applied, retaining only peptide quantifications where the sum SN of treated and untreated
samples was >100. Figure 1A shows the log,[+TORIN/DMSQ] for all passing peptides for each protein. Statistical analysis was per-
formed in Prism using unpaired t-tests.

Mass spectrometry analysis of saponified fatty acids

90% confluent cells on 60 mm cell culture dish were incubated with 0.5 ml of 0.3 M KOH in 90% methanol at 80°C for 1 hrina 2 mL
glass vial. Then, formic acid (100 uL) was added for neutralization. The saponified fatty acids were extracted by adding 1 mL of hex-
ane. After vortexing, the top hexane layer was transferred to a new glass vial. Samples were then dried under a nitrogen gas stream
and redissolved in 100 pL of 1:1 isopropanol:methanol for LC-MS analysis. Fatty acids were detected with a quadrupole orbitrap
mass spectrometer (Thermo Fisher Q-Exactive) operating in a negative ion mode with electrospray ionization and used to scan
from m/z 200 to 600 at 1 Hz, with a 140,000 resolution. LC separation was achieved on a Poroshell 120 EC-C18 column (2.1 x
150 mm?, 2.7 um particle size; Agilent) using a gradient of solvent A (90:10 = water: methanol with 1 mM of ammonium acetate
and 0.2% acetic acid) and solvent B (90:10 = methanol:isopropanol with 1 mM of ammonium acetate and 0.2% acetic acid). The
LC gradient was 0 min, 25% B; 2 min, 25% B; 4 min, 65% B; 16 min, 100% B; 20 min, 100% B; 21 min, 25% B; 22 min, 25% B;
and 25 min, 25% B. Flow rate was 150 pl/min. The autosampler temperature was 5°C and the injection volume was 3 pL. Mass
spectrometry data was analyzed using the EI-MAVEN open source software®® (Version 0.12.0, Elucidata). Briefly, LC-MS data
was converted from.raw files to.mzXML and then loaded into the EI-MAVEN software. Using our annotated MS library, containing
retention times and m/z values, we selected metabolite peaks of interest on EI-MAVEN. Peak shape and quality were evaluated
and Area Top of the metabolites of interest were recorded.

RNA-seq sample preparation

For GSE207172, we used 100 ng of high-quality total RNA and the lllumina® TruSeq Stranded Total RNA with Ribo-Zero Globin kit
(Cat# 20040529) from lllumina. For GSE229657, the lllumina® Stranded mRNA Prep Kit (Cat# 20040534) and 100 ng of high-quality
total RNA were used. RNA-seq library was prepared by Weill Cornell Medicine Core facility for the lllumina NovaSeq 6000 system
sequencer at paired-end 2x100 cycles.

RNA-seq and pathway enrichment analyses

RNA-seq in Figure 2 was performed by using the lllumina NovaSeq 6000 system with 40M 2x101 bp paired-end (PE) read. Using the
HISAT2 v2.2.1 software,”® the sequencing reads were mapped onto the human GRCh38/hg38 reference genome, from which the
counts matrix was generated with the default parameters using StringTie2 v2.1.4.%° Differentially expressed genes (DEGs) were iden-
tified using the DESeq?2 (v1.30.1)°" based on a negative binomial generalized linear model. The data visualization was performed by
using the EnhancedVolcano v1.8.0 R package.®? DEGs that satisfy |(Log,FC)| > 1 and adjusted p-value (g-value) < 0.005 were consid-
ered as statistically significant. Pathway enrichment was measured by Fisher’s exact test against Elsevier pathway collection using
the enrichR v3.0 package.®® RNA-seq data files are accessible through Gene Expression Omnibus (GEO) accession number
GSE207172.

In order to detect intron retention events more precisely, we did deep RNA sequencing in Figure 3 using the lllumina NovaSeq 6000
system with 100M 2x101 bp PE read. Analysis of deep RNA-seq was performed as previously described.® In brief, the quality of
RNA-seq reads were checked using FastQC and the reads were aligned to the human GRCh38/hg38 reference genome using
STAR (2.7.10b) with following parameters: —outFilterMismatchNmax 2--outFilterMultimapNmax 10 —outSJfilterOverhangMin 30
888 —outSAMunmapped Within KeepPairs. Genome coverage files (bigwigs) were generated using bam2wig.py from RSeQC
(v5.0.1) with following parameter: "1+-,1-+,2++,2-" -t 1000000000. Differential gene expression analysis was done by extracting
counts using featureCounts (v2.0.3) and running DESeq2 (v1.34.0) to find differentially expressed genes with the cutoff of
g-value < 0.01 and |(Log,FC)| > 0.5. Pathway analyses were performed using ConsensusPathDB®® (KEGG, Reactome, Wikipath-
ways, Biocarata, Ehmn, Humancyc and Inoh) and only pathways with g-value < 0.05 were considered. RNA-seq data files dataset
generated in this study is accessible through Gene Expression Omnibus (GEO) accession number GSE229657.

Intron retention analysis

To examine the global splicing changes, raw fastq files from deep RNA-sequencing data were aligned to VAST-tools library
(human vastdb.hs2.23.06.20) using VAST-tools (2.5.1) and splicing events were detected using VAST-tools tidy with following
parameters: -min N 2--p_IR 0.1 —-min_SD 1.%° To precisely determine the intron retention events, we performed IRFinder-S (2.0.1)
using BAM files from the STAR alignment step and calculated intron retention events with following parameters: -wl 1 -ir 0.01. Signif-
icantly increased intron retention events were selected with the cutoff of g-value < 0.1 and Log,FC > 0.%°

Analysis of published ChIP-seq and whole transcriptome microarray results

Previously published ChIP-seq dataset GSE45517“° and whole transcriptome microarray dataset GSE104335'2 were obtained from
GEO dataset.
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QUANTIFICATION AND STATISTICAL ANALYSIS

LC-MS, gPCR, interactome, immunoblot, and crystal violet staining assays data are statistically analyzed using Student’s t-test
and the graphs show mean + SD. Tumor burdens from the xenograft experiment are statistically analyzed using Student’s
t-test and the error bars show mean + SEM. Detailed methods and p-value are described in the Figure Legends and Methods
sections.
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