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0O-GlcNAcylation at a nuclear localization
signal induces its nuclear localization,
promoting posttranscriptional de novo
lipogenesis and cancer cell growth.
Particularly, the O-GlcNAcylated nuclear
localization signal recognized by importin
a for protein nuclear import is common
in cells.
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SUMMARY

O-linked B-N-acetyl glucosamine (O-GlcNAc) is attached to proteins under glucose-replete conditions; this
posttranslational modification results in molecular and physiological changes that affect cell fate. Here we
show that posttranslational modification of serine/arginine-rich protein kinase 2 (SRPK2) by O-GlcNAc
regulates de novo lipogenesis by regulating pre-mRNA splicing. We found that O-GIcNAc transferase
O-GicNAcylated SRPK2 at a nuclear localization signal (NLS), which triggers binding of SRPK2 to importin
a. Consequently, O-GlcNAcylated SRPK2 was imported into the nucleus, where it phosphorylated serine/
arginine-rich proteins and promoted splicing of lipogenic pre-mRNAs. We determined that protein nuclear
import by O-GlcNAcylation-dependent binding of cargo protein to importin « might be a general mechanism
in cells. This work reveals a role of O-GIcNAc in posttranscriptional regulation of de novo lipogenesis, and our

findings indicate that importin « is a “reader” of an O-GlcNAcylated NLS.

INTRODUCTION

Alterations of the glucose and glutamine metabolic pathways are
prevalent and physiologically important changes in cancers
(Pavlova and Thompson, 2016; Altman et al., 2016; Hay, 2016;
Dias and Hart, 2007). Glucose and glutamine are substrates for
the hexosamine biosynthetic pathway (HBP), which generates
Uridine diphosphate N-acetylglucosamine (UDP-GIcNAc)
(Marshall et al., 1991; Hanover et al., 2010). UDP-GIcNAc is the
donor for protein O-GlcNAcylation, a posttranslational modifica-
tion with physiological and pathological roles (Slawson and Hart,
2011; Hanover et al., 2012; Yang et al., 2008; Reily et al., 2019).
By integrated responses to nutritional stimuli, O-GlcNAcylation,
which is mediated by the enzyme O-GIcNAc transferase (OGT),
affects many key intracellular signaling pathways and mediates
diverse cellular processes (Yang and Qian, 2017; Hardivillé and
Hart, 2014). These dynamic, posttranslationally regulated
signaling modules coordinate to sense and couple various envi-
ronmental cues to cell fate (Hart et al., 2007, 2011). The “reader”
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of protein O-GlcNAcylation in cells is unknown. Generally, O-
GlcNAc cycling is increased in cancers; indeed, decreasing the
amount of O-GIcNAcylation can block cancer progression (de
Queiroz et al., 2014; Pinho and Reis, 2015). The specific targets
of O-GlcNAcylation that are important for cancer progression
remain elusive.

Compared with quiescent or normal tissue, tumor cells pro-
duce more metabolic intermediates—nucleotides, amino acids,
and lipids —to support essential biosynthesis and maintain rapid
proliferation (DeBerardinis et al., 2008; Vander Heiden et al.,
2009). Although tumor tissues can take up lipids from the micro-
environment, most fatty acids for cancer cell proliferation come
from de novo lipid synthesis (Menendez and Lupu, 2007; Baenke
et al., 2013). Sterol regulatory element-binding proteins 1 and 2
(SREBP-1/2) are key transcription factors that activate expres-
sion of genes associated with de novo lipogenesis (Shimano
and Sato, 2017; Wu and Naar, 2019). Upon cellular lipid starva-
tion, SREBPs are activated proteolytically, leading to nuclear
translocation and induction of downstream target gene
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Figure 1. The HBP affects de novo lipogenesis at the posttranscriptional level

(A) Quantification of de novo lipid synthesis from U-'3C-glucose by liquid chromatography-mass spectrometry (LC-MS). MCF7 cells were transfected with the
indicated siRNAs and deprived of serum overnight. Where indicated, 10 mM UDP-GIcNAc was added to the medium for 48 h after overnight serum starvation.
Data are presented as mean + SEM and expressed as the fold change relative to the amount in cells transfected with control siRNA (si-Cont). *p < 0.05 by
Student’s t test (n = 3, represents independent experiments throughout the text).

(B) Quantitative real-time PCR analysis of lipogenic gene mRNA in MCF7 cells. Cells transfected with siRNAs targeting GFPT1 or si-Cont were serum starved for
24 h. Data are presented as mean + SEM and expressed as the fold change relative to the amount of transcript in cells transfected with si-Cont. *p < 0.05 (n = 3).
(C) Analysis of MRNA and protein for lipogenic genes in MCF7 cells. Cells were transfected with the indicated siRNAs and treated with or without 10 mM
UDP-GIcNAc for 24 h after serum starvation overnight. Left: mRNA abundance was determined and expressed as the fold change relative to the amount of
transcript in cells transfected with si-Cont. Data are presented as mean + SEM. *p < 0.05 (n = 3). Right: ACLY and FDFT1 were detected by western blotting. Actin
served as a loading control. Data are representative of 1 of 3 experiments.

(legend continued on next page)
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transcription (Horton et al., 2002; Damiano et al., 2010). The gene
encoding these key enzymes of de novo lipogenesis are
frequently overexpressed in cancers, but the underlying mecha-
nisms of their overexpression remain unclear.

In addition, de novo lipogenesis is tightly regulated at the post-
transcriptional level. Alternative pre-mRNA splicing expands the
complexity of the transcriptome and contributes to regulation of
lipogenic gene expression (Vernia et al., 2016). Serine/arginine-
rich protein-specific kinase 2 (SRPK2) is a key kinase that regu-
lates pre-mRNA splicing (Wang et al., 1998; Mathew et al., 2008).
Stimulation of SRPK2 in response to activation of the mecha-
nistic target of rapamycin complex 1 (IMTORC1) and ribosomal
S6 kinase 1 (S6K1) pathway results in phosphorylation and acti-
vation of serine- and arginine-rich (SR) proteins, RNA-binding
proteins that control splice site selection and promote pre-
mRNA splicing (Lee et al., 2017). Inhibition of mMTORC1 blocks
SRPK2 nuclear translocation and proper function of downstream
splicing factors, which induces splicing dysregulation and, thus,
decreased production of the products of various lipogenic
genes, including ACLY, MVD, FDFT1, and FASN (Lee et al,
2017). Therefore, SRPK2 is a potential therapeutic target to
block lipogenesis and suppress growth of mTORC1-driven
tumors.

Here we show that UDP-GIcNAc plays key roles in pre-
mRNA splicing and de novo lipogenesis. Mechanistically, the
OGT-SRPK2 axis promotes production of lipogenic enzymes
by inducing efficient splicing of multiple mRNAs rather than
affecting transcription of the encoding genes. Moreover,
O-GIcNAcylation-dependent binding of cargo protein to importin
o might be a general mechanism for nuclear import of protein
in cells.

RESULTS

The HBP affects de novo lipogenesis at the
posttranscriptional level

Upon exposure to hypoxia and nutrient deprivation, global pro-
tein O-GlcNAcylation in cells changes profoundly (Taylor et al.,
2009; Kreppel and Hart, 1999). The HBP is a branch of glycolysis
and is responsible for generating UDP-GIcNAc, the sugar donor
for protein O-GIcNAcylation (Yang and Qian, 2017). Cancer cells
have altered glucose metabolism and aberrant O-GlcNAcylation,
suggesting altered flux through the HBP (Slawson and Hart,
2011). To investigate whether HBP regulates de novo lipogen-
esis, we knocked down glutamine-fructose-6-phosphate trans-
aminase 1 (GFPT1), the rate-limiting enzyme in the HBP, in
MCF7 cells. We measured de novo fatty acid synthesis in cells
cultured with '3C-glucose by liquid chromatography-mass spec-
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trometry (LC-MS) (Kamphorst et al., 2013). Starving MCF7 cells
of fetal bovine serum (FBS) promoted de novo fatty acid synthe-
sis (Figure S1A), consistent with previous studies (Lee et al.,
2017). Knockdown of GFPT1 decreased the amount of UDP-
GlIcNAc in cells, as expected (Figure S1B).

Under serum-free conditions, synthesis of saturated and un-
saturated fatty acids and cholesterol derived from *C-glucose
was reduced significantly in GFPT1-deficient MCF7 cells (Fig-
ure 1A). Addition of UDP-GIcNAc to the medium restored de
novo lipid synthesis, indicating a role of O-GlcNAcylation (Fig-
ure 1A). Consistent with an important role of the HBP in de
novo lipid synthesis, inhibition of HBP with small interfering
RNA (siRNA) targeting GFPT1 significantly decreased the tran-
script abundance of multiple lipogenic genes, such as HMGCST,
SCD1,MVD, FASN, FDFT1,and ACLY (Figure 1B). We evaluated
a subset of these transcripts and showed that replenishing UDP-
GlIcNAc in the cell culture medium restored mRNA and protein
abundance (Figure 1C).

Lipogenic genes are transcriptionally induced by SREBP-1/2,
which are regulated by AMP-activated protein kinase (AMPK), a
cellular energy sensor (Li et al., 2011). In AMPK-deficient cells,
knockdown of GFPT1 still decreased lipogenic gene mRNA
and protein abundance (Figures 1D, 1E, and S1C).

A reduction in transcript abundance can result from a
decrease in transcription or a decrease in mRNA stability. To
evaluate the effect of GFPT1 knockdown on transcription, we
analyzed the promoter activity of these genes by luciferase pro-
moter activity assay and found no difference in promoter activity
of 4 lipogenic genes in MCF7 cells in response to GFPT1 knock-
down (Figure 1F). To determine whether the stability of lipogenic
transcripts was affected by GFPT1 knockdown, we exposed
MCF7 cells to actinomycin D to block transcription and
measured the time-dependent decay of lipogenic mMRNAs (Tani
and Akimitsu, 2012). The stability of these transcripts was
decreased markedly by GFPT1 knockdown (Figure 1G), indi-
cating that the HBP regulates de novo lipogenesis at the post-
transcriptional level.

OGT mediates O-GlcNAcylation, nuclear translocation,
and activation of SRPK2

SRPK2 promotes lipogenic gene mRNA stability and de novo
lipogenesis (Lee et al., 2017). Therefore, we examined whether
the HBP affects de novo lipogenesis through SRPK2. We gener-
ated SRPK2 knockout (KO) cells using CRISPR-Cas9 technol-
ogy and compared de novo lipogenesis in these cells with and
without knockdown of OGT (Figure S1D). As expected, de
novo lipogenesis was impaired in SRPK2 KO MCF7 cells, and
this impairment was similar in these cells when OGT was also

(D) Analysis of mMRNA for the indicated genes in AMPK '~ mouse embryonic fibroblasts (MEFs). Cells were transfected with the indicated siRNAs and starved of
serum overnight. Transcripts were determined by quantitative real-time PCR. Data are represented as mean + SEM. *p < 0.05 (n = 3).
(E) Western blot analysis of FDFT1 and ACLY in AMPK-depleted MCF7 cells. Cells were transfected with the indicated siRNAs before serum starvation overnight.

Actin served as a loading control. Data are representative of 1 of 3 experiments.

(F) Promoter activity of lipogenic genes in MCF7 cells in which GFPT1 was knocked down. MCF7 cells were transfected with promoter constructs and the
indicated siRNAs before serum starvation overnight. Data are represented as mean + SEM of the fold change relative to that in si-Cont cells. *p < 0.05 (n = 3).
(G) Quantitative real-time PCR analysis of the stability of the lipogenic transcripts in MCF7 cells in which GFPT1 was knocked down. Data are represented as

mean + SEM. *p < 0.05 (n = 3).
See also Figure S1.
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Figure 2. OGT O-GlIcNAcylates SRPK2 and promotes its nuclear translocation and activation

(A) Quantification of de novo lipid synthesis by LC-MS. Control or SRPK2 knockout (KO) MCF7 cells were transfected with the indicated siRNAs. Cells were serum
starved for 48 h. Graphs represent de novo synthesized lipids. Data are represented as mean + SEM, n = 3, *p < 0.05.

(B) Immunostaining analysis of SRPK2 cellular localization in OGT-depleted cells. MCF7 cells were transfected with control or two different siRNAs targeting OGT,
respectively. Left: representative images. Right: quantification of the distribution of SRPK2.

(C) MCF7 cells were treated with BADPG (5 mM) or DMSO for 48 h, and SR protein phosphorylation was examined (left). Also shown is quantification of the
average band intensity of phosphorylated SR proteins normalized to B-actin (right). Data are represented as mean + SEM; n = 2, *p < 0.05.

(D) Reciprocal endogenous immunoprecipitation (IP) was performed to detect interactions between OGT and SRPK2 in HEK293T cells.

(E) Pull-down assays were performed to detect the direct interactions between OGT and SRPK2 in vitro. Left: purified GST-OGT from Escherichia coli (E. coli)
bacteria pulled down the purified SRPK2. Right: purified GST-SRPK2 from E. coli bacteria pulled down the purified OGT.

(F) In vitro O-GlIcNAcylation assays with GST-SRPK2 (amino acids [aa] 454-521) as a substrate.

(G) HEK293T cells were transfected with the indicated plasmids. Cell lysates were immunoprecipitated with anti-SRPK2 antibody, and SRPK2 O-GIcNAcylation
was determined with the indicated antibodies.

(H) HEK293T cells were transfected with the indicated siRNAs and plasmids, and SRPK2 O-GlcNAcylation was determined by IP and western blot using the
indicated antibodies.

(I) O-GIcNAcylation on SRPK2 is removed by OGA in vitro.

See also Figure S2.
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knocked down (Figure 2A). Consistent with this result, SRPK2
KO MCF7 cells exposed to the OGT inhibitor Benzyl 2-acet-
amido-2-deoxy-a-D-galactopyranoside (BADGP) showed no
further reduction in de novo lipogenesis than what was observed
in SRPK2 KO cells without this inhibitor (Figure S1E). BADGP
effectively inhibited protein O-GlcNAcylation, as detected by
western blot (Figure S1F). Similar to knocking down OGT in
MCF7 cells (Figure 2A), BADGP alone also inhibited lipogenesis
(Figure S1E).No greater reduction occurred when inhibition of O-
GlcNAcylation by OGT knockdown or BADGP was performed
with SRPK2 KO cells (Figures 2A and S1E). OGT depletion did
not reduce SRPK2 abundance (Figure S1G). These data sug-
gested that SRPK2 and OGT functioned in the same pathway
to promote lipogenesis but that OGT regulated SRPK2 through
mechanisms other than affecting SRPK2 abundance.

SRPK2 dynamically shuttles between the nucleus and cyto-
plasm and functions in the nucleus (Wang et al., 1998; Jang
et al., 2009). OGT knockdown or OGT inhibitor treatment
decreased nuclear and increased cytoplasmic SRPK2 staining
(Figures 2B and S1H). Consistent with redistribution of SRPK2
primarily to the cytoplasm, the OGT inhibitor decreased phos-
phorylation of SR proteins (SR75, SR55, SR40, and SR30), which
are downstream targets of SRPK2 (Figure 2C). SR protein phos-
phorylation by SRPK2 is required for efficient mRNA splicing of
lipogenic genes (Lee et al., 2017; Kohtz et al., 1994; Cho et al.,
2011). Thus, we evaluated the effect of BADGP on intron reten-
tion in mRNAs for lipogenesis proteins. We detected increased
mRNA intron retention in FDFT1, ACLY, FASN, and MVD in cells
exposed to the OGT inhibitor (Figure S1l).

Onthe basis of our findings so far, we hypothesized that SRPK2
was O-GlcNAcylated by OGT. OGT binds SRPK2 in cells and
in vitro (Figures 2D and 2E). OGT binds SRPK2 through its C-ter-
minal enzymatic domain, and SRPK2 binds OGT through an inter-
nal region (amino acids 257-503) (Figures S2A and S2B). Further-
more, OGT directly O-GlcNAcylated SRPK2 in vitro (Figure 2F).
In HEK293T cells, overexpression or knockdown of OGT signifi-
cantly increased or decreased SRPK2 O-GlcNAcylation, respec-
tively (Figures 2G and 2H). N-acetyl-B-glucosaminidase (OGA) is
the enzyme that removes O-GlcNAc from proteins in cells. OGA
removed O-GIcNAc from SRPK2 in vitro (Figure 21). Thus, OGT in-
teracted with and O-GIcNAcylated SRPK2.

SRPK1 is a SR-specific protein kinase highly homologous to
SRPK2 in cells. OGT did not interact with SRPK1 (Figure S2C),
and SRPK1 was not O-GIcNAcylated in cells (Figure S2D).
SRPK2 binds OGT through an internal region (Figure S2B). Inter-
estingly, the homology of the internal regions between SRPK1
and SRPK2 is very low (Figure S2E), which explains why OGT
binds SRPK2 but not SRPK1. All of these data support the hy-
pothesis that OGT does not affect SRPK1.

OGT O-GicNAcylates SRPK2 at Ser 490, Thr 492, and Thr
498 and promotes nuclear translocation of SRPK2

Using LC-MS/MS analysis of SRPK2 immunoprecipitated from
cells, we found that threonine 237, serine 490, threonine 492,
and threonine 498 were potential O-GlcNAcylation sites on
SRPK2 (Figures S3A-S3D). We generated SRPK2 T237A,
S490A, T492A, and T498A mutants, a mutant with S490A/
T492A/T498A (3A mutant), and a 4A mutant with all four sites
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mutated to alanine. O-GIcNAc was reduced markedly in the
SRPK2 4A mutant in vitro (Figure 3A). In cells, the T237A mutant
appeared to be O-GIcNAcylated as much as wild-type
SRPK2, whereas the other 3 individual mutants had reduced
O-GlIcNAcylation, and the 3A mutant had undetectable or
barely detectable O-GIcNAc on western blots of the immuno-
precipitated hemagglutinin (HA)-tagged protein (Figure 3B).
These data indicate that S490, T492, and T498 are the main
O-GlIcNAcylation sites on SRPK2, but we cannot rule out the
possibility of O-GlcNAcylation at other sites.

SRPK2 O-GlcNAcylation-deficient mutants (4A and 3A) ex-
hibited decreased nuclear and increased cytoplasmic SRPK2
staining (Figure 3C). We also tested the effect of mutating the
serine that is phosphorylated in response to mTORC1/S6K1
signaling, serine 494. This SRPK2 S494A mutant also exhibited a
decrease in nuclear staining (Figure 3C). Reconstitution with the
SRPK2 4A mutant also resulted in decreased SR protein phos-
phorylation for two of the evaluated SR proteins (Figures 3D and
3E). These results indicate that OGT-mediated SRPK2 O-GIcNA-
cylation controls cellular localization and activity of SRPK2.

SRPK2 O-GicNAcylation at the nuclear localization
signal induces its binding to importin o/p and nuclear
translocation

SRPK2 contains two putative nuclear localization signals (NLSs)
(Figure 4A). Deletion of the second NLS, but not the first NLS,
prevented nuclear accumulation of SRPK2 in MCF7 cells (Fig-
ures 4A and 4B), suggesting that the second putative NLS is
the functional one. The main O-GIcNAcylation sites of SRPK2
we identified are close to the second NLS.

Importins are proteins that mediate transport of proteins
through the nuclear pore. Importins function as dimers of impor-
tin o and importin B (Miyamoto et al., 2016). There are seven im-
portin o proteins recognizing cargo protein NLSs in cells (Gold-
farb et al., 2004; Kelley et al., 2010). Importin a3, importin a5,
and importin o6 appeared to contribute to nuclear localization
of SRPK2 (Figures 4C and S4A). Consistent with this finding,
knocking down all 3 of these importin proteins resulted in the
greatest reduction in cells with nucleus-localized SRPK2 (Fig-
ure 4C). Knockdown of importin $ also inhibited nuclear translo-
cation of SRPK2 (Figures S4B and S4C).

Given these findings, we hypothesized that O-GlcNAcylation
regulates nuclear translocation of SRPK2 by affecting the interac-
tion between SRPK2 and importin o/f. Coimmunoprecipitation
experiments confirmed that OGT knockdown in HEK293T cells
significantly reduced binding of FLAG-tagged importin a5 with
HA-tagged SRPK2 (Figure 4D) and also reduced the association
of SRPK2 with importin B (Figure 4E). We evaluated importin o3,
a5, and a6 in this coimmunoprecipitation assay; however, impor-
tin 23 was not expressed well, and we detected little coimmuno-
precipitation between importin 6 and SRPK2 in cells expressing
the control shRNA. Therefore, we could not effectively assess the
effect of OGT knockdown on the interaction between SRPK2 and
these two importin proteins using this experimental approach.

To evaluate the dependence of the interaction between
SRPK2 and the three importins, we generated O-GlcNAcylated
SRPK2 by in vitro O-GlcNAcylation with OGT. We compared
the interaction between O-GIcNAcylated SRPK2 and unmodified
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Figure 3. SRPK2 O-GIcNAcylation induces
its nuclear translocation and downstream
SR phosphorylation

(A) Identification of SRPK2 O-GlcNAcylation
modification sites by in vitro O-GlcNAcylation
assay. Purified GST-SRPK2 WT or 4A mutants
were used as substrates.

(B) HEK293T cells were transfected with the indi-
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SRPK2 and importins 3, o5, and a6 using glutathione S-trans-
ferase (GST) pulldown assays. O-GlcNAcylated SRPK2 ex-
hibited a stronger interaction than unmodified SRPK2 with
the importin proteins in this in vitro assay, indicating that
O-GlIcNAcylation affects recognition of the NLS by each of these
proteins (Figure 4F).

To confirm that importin o binds the O-GIcNAcylated NLS of
SRPK2, we synthesized peptides corresponding to residues
487 to 523 of SRPK2. These peptides contained the second
NLS and the O-GIcNAcylation sites S490, T492, and T498. We
modified these peptides in vitro to produce O-GlcNAcylated
or unmodified forms. Using surface plasmon resonance (SPR)
assays, we confirmed a direct interaction between the
O-GlcNAcylated peptide and importin 3 but not between the
unmodified peptide and importin a3 (Figure 4G). The equilibrium
dissociation constant (Kp) was calculated as 53.87 nM. These re-
sults indicate that importin o has an O-GlcNAc-dependent inter-
action with the NLS, suggesting that importin o is a reader of the
O-GlIcNAcylated NLS.

The OGT-SRPK2 pathway is parallel to the mTOR
signaling pathway

SRPK?2 is directly phosphorylated at Ser 494 by S6K1, a down-
stream target of MTORC1 (Lee et al., 2017). Ser 494 phosphory-

m Cytoplasm and Nucleus

cated plasmids, and SRPK2 O-GlcNAcylation was
analyzed by IP with an anti-HA antibody and
western blots with the indicated antibodies.

(C) Endogenous SRPK2 was depleted in HEK293T
cells by short hairpin RNA (shRNA) targeting the 3’
UTR of SRPK2, followed by stable reconstitution
with cDNAs encoding WT or O-GlcNAcylation-
deficient mutants of SRPK2 (4A or 3A or T237A).
SRPK2 cellular localization was examined by im-
munostaining.

(D) Endogenous SRPK2 was depleted in HEK293T
cells by shRNA targeting the 3' UTR of SRPK2,
followed by stable reconstitution with cDNAs en-
coding WT and O-GlIcNAcylation-deficient mu-
tants of SRPK2 (4A). SR protein phosphorylation
was measured by western blots.

(E) Quantitative analysis of (D). Data are repre-
sented as mean + SEM, n = 2, *p < 0.05.

See also Figure S3.

Vector
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mE 4A

lation serves as a priming phosphoryla-
tion for subsequent phosphorylation of
SRPK2 at Ser 497 by casein kinase 1
(CK1) (Lee et al., 2017). mTORC1/S6K1-
dependent SRPK2 phosphorylation in-
duces splicing of lipogenic transcripts
involved in tumor growth (Lee et al,
2017). We therefore investigated whether
OGT-mediated SRPK2 O-GlcNAcylation has crosstalk with
mTORC1/S6K1-dependent phosphorylation. Knockdown of
OGT in HEK293T cells had no effect on cellular SRPK2 Ser 494
phosphorylation (Figure 5A). Using unmodified SRPK2 or
SRPK2 O-GIcNAcylated in vitro, we performed in vitro S6K1 ki-
nase assays. O-GlcNAcylated SRPK2 and unmodified SRPK2
were substrates for S6K1-mediated phosphorylation at Ser
494 (Figure 5B). These results indicate that O-GlcNAcylation
does not interfere with S6K1-mediated phosphorylation. Consis-
tent with these in vitro data, inhibition of OGT in HEK293T cells
with BADGP also did not reduce phosphorylation of SRPK2 at
Ser 494 (Figure 5C).

As expected, exposure of HEK293T cells to an S6K1 inhibitor
(PF-4708671) decreased SRPK2 Ser 494 phosphorylation (Fig-
ure 5C). S6K1 inhibition had no apparent effect on SRPK2
O-GlcNAcylation, detected by western blot of immunoprecipi-
tated HA-tagged SRPK2 (Figure 5C). Furthermore, the SRPK2
S494A/S497A double mutant exhibited increased O-GIcNAcyla-
tion in HEK293T cells overexpressing OGT (Figure 5D).

Rapamycin is an inhibitor of mTOR. As expected, rapamycin
reduced lipogenic gene transcript abundance in MCF7 cells
(Figure 5E). When we knocked down OGT in rapamycin-treated
cells, the abundance of the transcripts for FDFT1, ACLY, FASN,
and MVD were reduced further (Figure 5E). As we observed in
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Figure 4. SRPK2 O-GicNAcylation at NLSs induces its binding to importin o/

(A) Amino acid sequence of the SRPK2 putative nuclear localization signals (NLSs). Locations of putative NLS1 and NLS2 are highlighted in blue, and SRPK2
O-GlcNAcylation sites are highlighted in red. The NLS was analyzed using http://nls-mapper.iab.keio.ac.jp/.

(B) Endogenous SRPK2 was depleted in MCF7 cells by shRNA targeting the 3' UTR of SRPK2, followed by transfection with the indicated plasmids, and SRPK2

cellular localization was examined by immunostaining.

(C) MCF7 cells were transfected with the indicated siRNAs, and SRPK2 cellular localization was detected by immunostaining with an anti-SRPK2 antibody.
(D) HEK293T cells were transfected with the indicated plasmids, and the interactions between importin «3/5/6 and SRPK2 were examined by co-IP experiments.
(E) HEK293T cells were transfected with the indicated plasmids, and the interaction between importin B and SRPK2 was examined by co-IP experiments.

(F) GST-SRPK2 (aa 1-540) with O-GlcNAcylation was generated by in vitro glycosylation assay. HEK293T cells were transfected with the indicated importin o or
vector, and cell lysates were incubated with GST-SRPK2 (aa 1-540) with or without O-GIcNAcylation.

(G) SPR characterization of the specific interactions between importin 3 and the SRPK2 NLS containing peptides with or without O-GIcNAcylation.

See also Figure S4.
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Figure 5. OGT-SRPK2 pathway is parallel to the mTOR signaling pathway

(A) HEK293T cells were transfected with the indicated siRNAs, followed by serum starvation for 24 h. SRPK2 phosphorylation was examined by western blot.
(B) In vitro S6K1 kinase assay with unmodified or O-GlcNAcylated SRPK2 (aa 454-521) as substrates.

(C) HEK293T cells were treated with PF-4708671 (an S6K inhibitor, 20 uM) for 24 h or BADGP (5 mM) for 48 h, and then SRPK2 O-GlcNAcylation and
phosphorylation were examined by western blot.

(legend continued on next page)

Molecular Cell 87, 1890-1904, May 6, 2021 1897



¢ CellPress

response to GFPT1 knockdown (Figure 1C), the reduction in
FDFT1 was greater than the reduction in ACLY at the protein
level in MCF7 cells exposed to rapamycin and in which OGT
was knocked down (Figure 5F). We observed a similar enhance-
ment in the reduction of lipogenic transcripts and FDFT1 in
MCF?7 cells exposed to BADGP after pre-treatment with rapamy-
cin (Figures S5A and S5B).

In the in vitro O-GIcNAcylation assay, the phosphorylation
mimic mutant of SRPK2 (SRPK2 S497D mutant) was a substrate
for OGT, although the efficiency of O-GlcNAcylation was
reduced to a similar extent as observed for the SRPK2 S497A
mutant (Figure 5G). These findings implied that the serine
residue itself, but not its phosphorylation, affects SRPK2
O-GlIcNAcylation.

To further confirm that O-GlcNAcylation regulates SRPK2
independent on mTORC1, we blocked the mTOR-dependent
pathway by rapamycin, and SRPK2 O-GIcNAcylation was
almost gone upon glucose starvation (Figure 5H). Glucose star-
vation also increased intron retention of downstream target
genes (Figure 51) and decreased their mRNA levels to levels
similar to O-GlcNAcylation-deficient SRPK2 mutant (4A) cells
with rapamycin treatment (Figure 5J). More importantly, BADGP
(an OGT inhibitor) treatment still inhibited de novo fatty acid and
cholesterol synthesis with rapamycin treatment (Figure 5K).
OGT-mediated SRPK2 O-GlcNAcylation functions in parallel
with the mTORC1/S6K1 pathway, and this is a possible
glucose-sensing mechanism that needs further investigation.

SRPK2 O-GicNAcylation promotes cellular lipid
metabolism and tumorigenesis

Our results so far suggested that O-GIcNAcylation of SRPK2 pro-
moted cellular lipid biogenesis. Using SRPK2 KO MCF7 cells, we
reintroduced wild-type SRPK2, the O-GlcNAcylation-deficient
SRPK2 mutants (4A or 3A), a kinase-dead mutant form of
SRPK2 (K110M), or the S494A mutant, which cannot be phos-
phorylated by S6K1. SRPK2 KO cells had decreased synthesis
of saturated and unsaturated fatty acids (Figures 6A and S6A),
consistent with previous studies (Lee et al., 2017). Overexpress-
ing wild-type SRPK2 rescued fatty acid and cholesterol synthesis
but addition of the SRPK2 kinase-dead mutant (K110M) or S494A
mutant (MTORC1/S6K1 phosphorylation site) did not, as ex-
pected. Additionally, neither of the SRPK2 O-GlcNAcylation-defi-
cient mutants (4A and 3A) rescued fatty acid and cholesterol
synthesis (Figure 6A), indicating that OGT-mediated SRPK2
O-GlcNAcylation promotes de novo lipogenesis.

Molecular Cell

We used whole-transcriptome RNA sequencing (RNA-seq) to
determine whether OGT-mediated SRPK2 O-GlcNAcylation al-
ters mRNA splicing and transcript abundance for lipid genes
(Figures S6B and S6C). We detected significant differences in
mRNA abundance for 1,492 genes in SRPK2 4A mutant cells
compared with wild-type SRPK2 cells (Figure 6B). The differen-
tially regulated transcripts were enriched in lipid metabolic path-
ways, cell death, the cell cycle, RNA splicing, and mRNA meta-
bolic processes (Figure S6D). Transcript abundance for 42
genes among the 58 linked to lipid metabolism was decreased
significantly (highlighted in green, Figure 6B). These included
genes involved in de novo lipid synthesis, such as ACLY,
HMGCS1, FASN, MVD, FDFT1, and SCD (Figures S6E-S6I).
We confirmed, by quantitative real-time PCR, the reduced
mRNA abundance for FDFT1, ACLY, FASN, and MVD in
SRPK2 4A mutant cells (Figure 6C). We detected a changed ratio
of five types of RNA splicing events in SRPK2 4A cells compared
with wild-type (WT) cells, and SRPK2 4A cells showed dramatic
changes in 5 types of splicing events (Figure S6J). SRPK2 4A
mutant cells showed increased intron retention of these 4 lipo-
genic transcripts (Figures 6D and S7A-S7J).

To evaluate the pathological role of SRPK2 O-GlcNAcylation,
we examined the effect of OGT-dependent SRPK2 activation
in oncogenic transformation. SRPK2 knockdown in MCF7 cells
reduced proliferation and colony formation, which were rescued
by WT SRPK2 but not the O-GIcNAcylation-deficient mutants
(Figures 6E and 6F). To test the in vivo relevance of these findings
in the context of cancer, we conducted xenograft studies with
MCF7 cells implanted in nude mice. SRPK2 knockdown signifi-
cantly reduced tumor growth (Figures 6G and 6H). WT SRPK2
rescued tumor growth, but the SRPK2 4A mutant did not (Figures
6G and 6H), indicating that SRPK2 O-GlcNAcylation is important
for tumor growth.

Nuclear import of proteins by O-GilcNAcylation-
triggered binding of cargo protein to importin « might be
a general mechanism in cells

We hypothesized that other proteins, like SRPK2, are subjected
to O-GIcNAcylation near the NLS and that this enables their nu-
clear import. Among the dbPTM (Huang et al., 2016) and dbO-
GAP (Wang et al., 2011) databases and our own data, 353
proteins from humans and mice contain O-GIcNAcylation sites
close to or in the NLS (Table S1). These proteins are involved
in key cellular processes, such as gene transcription, protein
modification, and cell death (Figure 7A). In the importin o/p

(D) HEK293T cells were transfected with the indicated plasmids, and SRPK2 O-GIcNAcylation was analyzed.

(E) MCF7 cells transfected with the indicated siRNAs were treated with or without rapamycin (100 nM) for 24 h, and then the indicated mRNA levels were
examined by real-time gPCR. Data are represented as mean + SEM; n = 3, *p < 0.05.

(F) MCF7 cells transfected with the indicated siRNAs were treated with or without rapamycin (100 nM) for 24 h, and ACLY and FDFT1 levels were examined by

western blot.

(G) WT or mutant SRPK2 (S497A or S497D) proteins purified from E. coli were used as substrates for the in vitro O-GlcNAcylation assay.

(H) SRPK2-depleted MCF7 cells were transfected with the indicated plasmids and treated with rapamycin under glucose-containing or glucose-free conditions
for 48 h or left untreated. SRPK2 O-GlcNAcylation, FDFT1, and pS6K1 levels were examined by western blot.

(l) Relative intron retention in (H) was determined by quantitative real-time gPCR. Data are represented as mean + SEM; n = 3, *p < 0.05.

(J) Relative mRNA abundance in (H) was determined by quantitative real-time PCR. Data are represented as mean + SEM; n = 3, *p < 0.05.

(K) Quantification of de novo lipid synthesis by LC-MS. SRPK2-depleted MCF7 cells were transfected with the indicated plasmids and treated with the indicated

drugs for 48 h. Data are represented as mean + SEM; n = 3, *p < 0.05.
See also Figure S5.
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Figure 6. SRPK2 O-GlcNAcylation promotes tumorigenesis
(A) Quantification of de novo lipid synthesis by LC-MS. SRPK2-depleted MCF7 cells were transfected with the indicated plasmids and serum starved overnight.
Data are represented as mean + SEM; n = 3, *p < 0.05.
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complex, importin a is an adaptor for importin  and recognizes
NLS of the cargo proteins. Importin o recognizes two types of
classic NLSs: a monopartite NLS with 8-10 sequential amino
acids rich in lysine or arginine residues (basic residues) and a
bipartite NLS with two clusters of basic residues separated by
linkers of variable length and sequence (Figure 7B; Stewart,
2007; Nardozzi et al., 2010).

As a representative of proteins with a monopartite NLS, we
focused on RELA (transcription factor p65), which has a
conserved putative O-GlcNAcylation site at a threonine within
the NLS (Figure 7B). HEK293T cells expressing HA-tagged WT
RELA or the HA-tagged T305A mutant had different distributions
of RELA proteins. Cells expressing T305A RELA had few cells
positive for the mutant protein in the nucleus (Figure 7C),
whereas a fraction of the cells expressing WT RELA were posi-
tive for nuclear WT RELA. Nuclear import of RELA depends on
importin o3 (Fagerlund et al., 2005). Coimmunoprecipitation
experiments with FLAG-tagged importin «3 and HA-RELA
confirmed that OGT knockdown reduced the binding of importin
a3 to RELA (Figure 7D). In in vitro GST fusion protein pulldown
assays, O-GIcNAcylated RELA bound more importin 3 than
unmodified RELA (Figure 7E). These results showed that
O-GIcNAcylation in the NLS triggered RELA binding to importin
2.3 to promote nuclear import.

Other proteins have a nonclassical nuclear import signal that
depends on formation of a particular tertiary structure rather
than a sequence-based NLS (Nardozzi et al., 2010). To investi-
gate whether the nuclear transport of cargo proteins with such
a nuclear import signal was also regulated by O-GlcNAcylation,
we studied the transcription factor Sp1. Sp1 transport into the
nucleus depends on the tertiary structure formed by the
3-zinc-finger region of the C terminus (Kuwahara et al., 2000;
Ito et al., 2009). There are five O-GIlcNAcylation sites in this re-
gion (Chung et al., 2008; Kommaddi et al., 2011; Figure 7F).
In vitro, OGT-mediated modification of the Sp1 5A mutant lack-
ing the O-GIcNAcylation sites was impaired compared with
O-GlIcNAcylation of WT Sp1 (Figure 7G). Furthermore, expres-
sion of HA-tagged WT Sp1 or the HA-tagged Sp1 5A mutant,
into HEK293T cells revealed impaired nuclear localization of
the 5A mutant (Figure 7H). Consistent with previous reports
that importin o3 is involved in nuclear import of Sp1 (to et al.,
2010), we found that O-GlcNAcylation of Sp1 promoted its bind-
ing to importin &3 by coimmunoprecipitation in cells (Figure 71)
and by GST fusion protein pull-down assay (Figure 7J).

Molecular Cell

Our results supported the concept that importin o recognizes
O-GlcNAcylated cargo proteins. Furthermore, by identifying
3 different proteins with different importin o recognition mecha-
nisms, our data indicate that there may be a general mechanism
for recognizing proteins destined for importin-mediated nuclear
transport in cells.

DISCUSSION

Here we report an unexpected link between the HBP, a key
pathway in glucose metabolism, and mTORC1/S6K1-SRPK2 in
control of de novo lipogenesis. Our data reveal a mechanism for
linking de novo lipogenesis to nutritional status, especially glucose
availability. We found that SRPK2 is O-GlcNAcylated at an NLS by
OGT. O-GIcNAcylated SRPK2 exhibited increased binding to
importin o, resulting in import into the nucleus, phosphorylation
of downstream SR proteins, and splicing of lipogenic pre-mRNAs.
Furthermore, this axis functioned in parallel with mTOR signaling
and mTOR-dependent activation of SRPK2 by phosphorylation.
Thus, the OGT-SRPK2 axis is a key posttranscriptional regulator
of lipid biosynthetic enzymes to support cell proliferation.

The mTORC1-S6K1 axis phosphorylates SRPK2 at Ser 494
to promote translocation from the cytoplasm to the nucleus
(Lee et al., 2017). Here we found that OGT-mediated SRPK2
O-GlIcNAcylation at Ser 490, Thr 492, and Thr 498 also promoted
SRPK2 nuclear translocation and activation. Although SRPK2
O-GlcNAcylation sites are adjacent to the phosphorylation sites
targeted by S6K1 and CK1, these two distinct posttranslational
modifications did not interfere with each other on SRPK2.
Inhibition of O-GlcNAcylation of SRPK2 did not affect SRPK2
phosphorylation; inhibition of the mTORC1-S6K1 pathway also
did not affect SRPK2 O-GlcNAcylation.

The mTOR and HBP pathways are the major nutrient-respon-
sive pathways that are active when cellular energy and nutrient
availability are high (Dibble and Manning, 2013; Hardivillé and
Hart, 2014). They are highly interconnected, but each integrates
nutrient information differently. mTOR is activated by amino
acids, and the HBP is triggered by ATP, uridine, glutamine,
glucose, and acetyl-coenzyme A (CoA) (Bar-Peled and Sabatini,
2014; Gabriel and Kallies, 2016). Thus, coordination of the HBP
and mTOR pathway enables cells to sense different environ-
mental cues to elicit de novo lipogenesis.

Lipogenic enzymes are frequently mutated or upregulated in
cancers (Menendez and Lupu, 2007; Currie et al., 2013), and

(B) Volcano plot analysis of the lipid genes (green) expressed differently in WT and 4A samples identified by whole-transcriptome RNA-seq in MCF7 cells. SRPK2-
depleted MCF7 cells were reconstituted with WT SRPK2 or the 4A mutant, followed by serum starvation for 24 h. Genes with —log10 (adjusted p-value) > 1.30
(compared with the WT group) were considered regulated by SRPK2 O-GIcNAcylation.

(C) Endogenous SRPK2 was depleted in MCF7 cells by shRNA targeting the 3’ UTR, followed by stable reconstitution with cDNAs encoding WT or
O-GIcNAcylation-deficient mutants of SRPK2. Lipogenic gene mRNA levels were analyzed by quantitative real-time PCR. Data are represented as mean + SEM;
n=23, *p <0.05.

(D) Intron retention analysis of the indicated genes in MCF7 cells. Cells were transfected with the indicated plasmids and serum starved for 24 h. Data are
represented as mean + SEM; n = 3, *p < 0.05.

(E) MCF7 cells were transfected with the indicated plasmids. Cells were cultured with lipoprotein-deficient serum (LPDS) for the indicated days, and cell pro-
liferation was analyzed by cell viability assay. Data are represented as mean + SEM; n = 3, *p < 0.05.

(F) SRPK2-depleted MCF7 cells were transfected with the indicated plasmids, and the resulting colonies were fixed and stained with crystal violet. Data are
represented as mean + SEM; n = 3, *p < 0.05.

(G and H) OGT-mediated O-GIcNAcylation of SRPK2 promotes tumor growth in xenografted mice. Tumors were weighed after mice were sacrificed at the
endpoint (G). The graph represents the tumor volume after the first measurement (H). Data are represented as mean + SEM; n = 6, *p < 0.05.

See also Figures S6 and S7.
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Figure 7. Nuclear import of proteins by O-GlcNAcylation-triggered binding of cargo protein to importin o might be a general mechanism

in cells

(A) Gene Ontology (GO) enrichment analysis of proteins with O-GlcNAcylated NLSs from mice. The top 10 significantly (p < 0.05) enriched pathways are

presented.

(B) Amino acid sequences of several known classic NLSs and multiple-sequence alignment of RELA across species.
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the mTOR and SRPK2 pathways are often hyperactivated in can-
cers (Mossmann et al., 2018; Wang et al., 2019; Jang et al,,
2008). Increased total protein O-GlcNAcylation is also common
among numerous cancers, such as breast cancer (Krzeslak
et al., 2012; Slawson and Hart, 2011). We confirmed that OGT-
mediated SRPK2 O-GIcNAcylation promoted cancer cell growth
and tumorigenesis. With this axis functioning in parallel with the
mTOR pathway, this suggested that dual inhibition of mMTORC1/
S6K1 and O-GlIcNAcylation could be a promising regimen to
treat cancers that depend on lipid metabolism.

We found that SRPK2 contains an importin «/B-dependent
NLS (Lee et al., 2017). Importin « functions as an adaptor pro-
tein by binding the nuclear import cargo through the NLS bind-
ing domain and importin B through the Impf binding (IBB)
domain (Cagatay and Chook, 2018). Importin B docks the
ternary import complex at the nuclear pore complex and pro-
motes its translocation through the nuclear pore complex into
the nucleus (Macara, 2001). Our in vitro and cellular data indi-
cate that OGT-mediated SRPK2 O-GIcNAcylation promotes
SRPK2 binding to importin a3, o5, and «6 and suggest that
importin o is a reader of O-GlcNAcylated NLSs. O-GlcNAcyla-
tion modification may induce changes in NLS conformation,
triggering NLS binding to importin o3, a5, or a6 and nuclear
import of SRPK2.

Based on bioinformatics analysis, we identified 353 proteins
with putative O-GlcNAcylation events close to or in their NLSs.
O-GlIcNAcylation promotes interactions between RELA or
Sp1 and importin proteins and enhances their nuclear localiza-
tion. Our findings support a model where O-GlcNAcylation-
dependent binding of cargo proteins to importin o« might be
a general mechanism for nuclear transport in response to
changes in glucose availability. The molecular details of how
O-GlIcNAc influences the interaction between cargo and the
importin o/ complex await 3D structure analyses of the im-
portin «/B complex with cargoes with non-O-GlcNAcylated
or O-GlcNAcylated NLSs. O-GlcNAcylation-dependent regula-
tion of NLS function may enable cells to properly regulate
protein nuclear localization in response to changes in nutrient
status.
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(C) HEK293T cells were transfected with the indicated plasmids, and RELA cellular localization was examined by immunostaining. Left: representative images.

Right: statistical analysis of the left panel.

(D) HEK293T cells were transfected with indicated shRNAs and plasmids, and the interactions between importin «3 and RELA were examined by co-IP ex-

periments.

(E) His-importin o was purified from E. coli BL21. His-importin o was incubated with beads binding GST-RELA (aa 200-350) with or without O-GIcNAcylation.

(F) Amino acid sequence of the Sp1 3-zinc-finger domain.

(G) In vitro O-GIcNAcylation assays with GST-Sp1 (aa 600-780) or GST-Sp1 (aa 600-780) 5A as a substrate.
(H) HEK293T cells were transfected with the indicated plasmids, and Sp1 cellular localization was examined by immunostaining. Left: representative images.

Right: statistical analysis of the left panel.

() HEK293T cells were transfected with the indicated shRNAs and plasmids, and the interactions between importin 23 and Sp1 were examined by co-IP

experiments.

(J) His-importin 23 was purified from E. coli BL21. His-importin a3 was incubated with beads binding GST-Sp1 (aa 600-780) with or without O-GlcNAcylation.

See also Table S1.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal Anti-pSRPK2(S494) Millipore Cat# 07-1817; RRID:AB_11205747
Rabbit polyclonal Anti-pSRPK2(S497) Millipore Cat# ABS192;

Mouse monoclonal Anti-SRPK2
Rabbit polyclonal Anti-ACLY

Rabbit monoclonal Anti-FDFT1
Rabbit monoclonal Anti-S6K1

Rabbit monoclonal Anti-pS6K1(T389)
Rabbit monoclonal Anti-pSR proteins
Mouse monoclonal Anti-actin

Rabbit polyclonal Anti-AMPK

Mouse monoclonal Anti-HA

Rabbit monoclonal Anti-HA

Rabbit monoclonal Anti-OGT

Mouse monoclonal Anti-O-linked
N-Acetylglucosamine antibody [RL2]

Rabbit monoclonal Anti-GFPT1

BD Bioscience

Cell Signaling Technology
Abcam

Cell Signaling Technology
Cell Signaling Technology
Invitrogen

Proteintech

Cell Signaling Technology
BioLegend

Cell Signaling Technology

Cell Signaling Technology
Abcam

Cell Signaling Technology

RRID:AB_2888677

Cat# BD611118; RRID:AB_398429
Cat# 4332; RRID:AB_2223744

Cat# ab109723; RRID:AB_10859772
Cat# 2708; RRID:AB_390722

Cat# 9234; RRID:AB_2269803

Cat# 33-9400; RRID:AB_87195
Cat# 60008-1; RRID:AB_2289225
Cat# 2532; RRID:AB_330331

Cat# MMS-101P, Clone 16B12;
RRID:AB_2314672

Cat# C29F4;
RRID: AB_1549585

Cat# 24083; RRID:AB_2716710
Cat# ab2739; RRID:AB_303264

Cat# 5322; RRID:AB_10699031

Bacterial and virus strains

E.coil BL21 New England Biolabs Cat#C2527
Chemicals, peptides, and recombinant proteins

Rapamycin Sigma-Aldrich Cat# R8781
PUGNAc Sigma-Aldrich Cat#7229
Benzyl 2-acetamido-2-deoxy-a-D-galactopyranoside Sigma-Aldrich Cat#4894
U-13C-glucose Cambridge Isotope Laboratories Cat#4894
Uridine 5’-diphospho-N-acetylglucosamine sodium salt Sigma-Aldrich Cat#4375
Puromycin dihydrochloride Sigma-Aldrich Cat#9620
G418 Antibiotic Solution VWR Cat#97064-358
Critical commercial assays

BCA protein assay kit TIANGEN Cat#PA115
Fast Quant RT Kit BCA protein assay kit TIANGEN Cat#KR106
Cell Counting Kit 8 Dojindo Cat#CK04-11
SsoAdvancedTM Universal SYBR® Green Supermix BioRad Cat#1725271
Deposited data

RNA-seq raw data This paper GEO: GSE147725
Original data have been deposited to the Mendeley data This paper https://doi.org/10.17632/ww6swsfrp6.1
Experimental models: cell lines

HEK293T ATCC CRL11268
MCF7 ATCC HTB-22
AMPK—/— MEF cells Dr. Liewei Wang N/A
Experimental models: organisms/strains

Female nude mice Jackson Lab Cat#002019

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

si-Cont: UUCUCCGAACGUGUCACGU This paper N/A
si-human-OGT-1: GAUUAAGCCUGUUGAAGUC Peng et al., 2017 N/A
si-human-OGT-2: GCUUGCAAUUCAUCACUUU Peng et al., 2017 N/A
si-human-GFPT1-1: GCCAGUACAAAGGCUUAUA This paper N/A
si-human-GFPT1-2: GGAGAGAGGAGCUUUAACU This paper N/A
shRNA-human-SRPK2: CCGGGCACCCTGTAAATGTT This paper N/A
ACTTTCTCGAGAAAGTAACATTTACAGGGTGCTTTTT

si-mouse-siGFPT1-1 Sigma Aldrich SASI_MmO01_00170346
si-mouse-siGFPT1-2 Sigma Aldrich SASI_MmO01_00170347
si-human-SRPK2: GCACCCUGUAAAUGUUACU This paper N/A
si-human-importin «5-1: GCCUUUGAUCUUAUUGAGC This paper N/A
si-human-importin 25-2: GCAGUUAUUCAAGCGGAGA This paper N/A
si-human-importin a1-1: UCAUGUAGCUGAGACAUAA This paper N/A
si-human-importin o1-2: GCUGGUUUGAUUCCGAAAU This paper N/A
si-human-importin «4-1: UUGUCCUCCACAAACAUAU This paper N/A
si-human-importin 24-2: GCUGUAAUAGAUGCUGGAU This paper N/A
si-human-importin «3: GCCCUCUCUUACCUUACUG This paper N/A
si-human-importin a6-1: CUAUGCUUGAAAGUCCUAU This paper N/A
si-human-importin 26-2: CAGUUGUUCAAACGCAGAA This paper N/A
si-human-importin .7-1: CGGAGAAAUGUGGAGCUGA This paper N/A
si-human-importin «.7-2: GCCUGGGCUCUAACGAAUA This paper N/A
si-human-importin «8-1: UCAGAUCCAGUCCUAUGUU This paper N/A
si-human-importin 28-2: GCUGCAUGAGAACCGUCAA This paper N/A
si-human-importin B-1: CGGAGAUCGAAGACUAACA This paper N/A
si-human-importin p-2: CCAGUGUAGUUGUUCGAGA This paper N/A
Primers for gPCR analysis, see Table S2 This paper N/A
Recombinant DNA

Myc-OGT Dr. X. Yu N/A
pET28a-His-hOGT Dr. Shao Feng N/A
pGEX-4T-2-OGA Dr. Shao Feng N/A
pGEX-4T-2-SRPK2 WT, 4A This paper N/A
PGEX-4T-2-SRPK2 WT (aa1-540) This paper N/A
pGEX-4T-2-SRPK2 WT, S497A, S497D (aa454-521) This paper N/A
HA-SRPK2 WT Lee et al., 2017 N/A
HA-SRPK2 T237A, S490A, S494A, T498A, 4A, 3A, This paper N/A
ANLS1, ANLS2, 494A/497A, K110M

pIRES-Flag-importin a3, a5, a6, beta, S6K1 This paper N/A
pEBB-HA-RELA WT Addgene ltem#74892
HA-RELA T305A This paper N/A
pGEX-4T-2-RELA WT, T305A (aa200-350) This paper N/A
pCMV-HA-Sp1 WT, 5A This paper N/A
pPGEX-4T-2 Sp1 WT, 5A (aa600-780) This paper N/A
pET28a-His-importin o3 This paper N/A

pBS Sp1 WT Addgene ltem#12096
pCMVTNT-T7-KPNA1, KPNA2, KPNA3, KPNA4, KPNAS5, Addgene ltem#26677-26683

KPNAG, KPNA7
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REAGENT or RESOURCE SOURCE IDENTIFIER
lentiCRISPRv2 vector Sanjana et al., 2014 N/A

psPAX2, pMD2.G Addgene ltem#12260, 12259

Software and algorithms

GraphPad Prism 6.0 GraphPad software https://www.graphpad.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, Huadong
Pei (huadongpei@gwu.edu).

Materials availability
Materials generated in this study are available on the request to the lead contact.

Data and code availability
The accession number for the RNA-seq data reported in this paper is GEO: GSE147725.
Original data have been deposited to Mendeley data: https://doi.org/10.17632/ww6swsfrp6.1

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

MCF7(ATCC®HTB-22), HEK293T(ATCC®CRL11268), and AMPK—/— MEF cells were cultured in Dulbecco’s Modified Eagle Me-
dium (DMEM) supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 pg/ml streptomycin, and incubated at
37°C with 5% CO..

Mice

Procedures in mice were performed in accordance with the guidelines of the Institutional Animal Care and Use Committee (IACUC) of
George Washington University. Mice were housed in a temperature-controlled environment with a 12-hour light/dark cycle, and en-
joyed the food and fresh water ad libitum.

Microbe strains
BL21 Escherichia coli (E. coli) were grown at room temperature (22-25°C) in 1 x Luria Bertani Broth (Sigma, L3022) for protein
purification.

METHOD DETAILS

Antibodies and other reagents

Anti-GFPT1, anti-AMPK, anti-OGT, anti-ACLY, anti-S6K, anti-pS6K1, and anti-His antibodies were purchased from Cell Signaling
Technology. Anti-FDFT1 and anti-O-linked N-Acetylglucosamine [RL2] antibodies were obtained from Abcam. Anti-SRPK2 anti-
bodies were from BD Biosciences. Anti-FLAG antibodies, anti-SRPK2 pS494 antibodies, anti-pSR antibodies, and anti-HA
antibodies were from Sigma-Aldrich, Millipore, Invitrogen, and BioLegend, respectively. Reagents were purchased from following
sources: PUGNAc, rapamycin, and BADGP from Sigma-Aldrich; and U-'3C-glucose from Cambridge Isotope Laboratories.

mRNA expression analyses

Total RNA was extracted using RNeasy Mini Kit (omega® BIO-TEK). CDNA was prepared using FastQuant RT Kit (TTANGEN), and
gene expression was analyzed by real-time PCR (gPCR) using SsoAdvanced™ Universal SYBR® Green Supermix (BioRad) with
a Bio-Rad CFX96 instrument. All gene expression levels were normalized to those of the housekeeping genes, such as actin or
PPIB. To examine mRNA stability, gene transcription was blocked by actinomycin D (5 ug/ml) treatment for 0, 3, and 6 hr. Reverse
transcription was performed using the same volume of RNA for all time points and mRNA levels were measured by gPCR.

Cell viability and colony formation assays

Cell Counting Kit 8 was used to detect cell viability following the manufacturer’s instructions. Colony formation assays were per-
formed as previously described (Peng et al., 2017).
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Xenograft tumor growth assays

Mouse procedures were performed in accordance with the Guideline of the Institutional Animal Care and Use Committee (IACUC) of
George Washington University, Washington DC. Female nude mice (6-8 weeks old) were purchase from the Jackson Laboratory (Bar
Harbor, ME). 2 x 10° MCF7 cells were injected subcutaneously into the posterior flank regions of each nude mouse. Tumor width and
length were measured using a digital caliper every three days. Tumor volume was calculated using the following for-
mula: volume = (length x (width)? +2).

siRNA and shRNA

All smallinterfering RNA (siRNA) oligonucleotides were purchased from Sigma Aldrich. Cells were transfected with the indicated siRNAs
twice at 24 hours intervals using lipofectamine RNAIMAX (Invitrogen). For the rescue experiments in this study, shRNA targeting 3'UTR of
SRPK2 (CCGGGCACCCTGTAAATGTTACTTTCTCGAGAAAGTAACATTTACAGGGTGCTTTTT) was used unless otherwise stated.

CRISPR/Cas9 knockout

Guide RNA sequences targeting human SRPK2 (GCATTATACGGAGACAGCCT, GGATCCGCGGAATGCAGATA, and GACGCGT
CAGTACCGCTCCA) were synthesized and cloned into a lentiCRISPRv2 vector as previously described (Shalem et al., 2014).
MCF7 cells and HEK293T cells were infected with viral supernatants and selected with puromycin at the indicated concentrations
(outlined below). To obtain the single cell clone, infected cells were diluted and seeded into 96-well plates. The knockout efficiency
of SRPK2 was confirmed by immunoblotting.

Generation of stable cell lines

Lentiviruses were produced as previously described (http://www.addgene.org/protocols/plko/#E). Transfections were carried out
using the polyethylenimine (PEI) method at a ratio of PEI:cDNA (pMD2.G: psPAX2: viral vectors) = 10:1. The virus-containing medium
was harvested 48 and 72 hours after transfection and subsequently filtered with a 0.45 um filter (Millipore). The virus-containing me-
dium was concentrated with PEG8000 reagents (4:1, v/v). The indicated cells were infected with the concentrated virus with 8 pg/mi
polybrene, and selected using different doses of puromycin: MCF7 or 293T cells, 2 pg/ml.

Cell lysis, immunoprecipitation, and immunoblotting

Cells were collected and lysed on ice using NETN buffer (100 mM NaCl, 10 mM Tris-HCI [pH 8.0], 0.5% NP-40 and 1 mM EDTA) sup-
plemented with 1 x protease inhibitors (Roche). After sonication, cell lysates were centrifuged at 12,000 rpm at 4°C for 10 min. The
protein solution was quantified using a BCA protein assay kit (TITANGEN). 5-15 g of protein were analyzed by immunoblotting with
indicated antibodies. The immunoblotting images were captured with an Odyssey® Fc Imaging System (LI-COR).

For immunoprecipitation of endogenous SRPK2 or OGT, cells were lysed with NETN buffer and incubated with anti-SRPK2 or OGT
primary antibodies at 4°C for 4 hours, followed by incubation with the 50% slurry of protein A/G Sepharose beads (GE Healthcare Life
Sciences) presaturated with NETN buffer for an additional 2 hours. Beads were washed three times with NETN lysis buffer and sam-
ples were subjected to immunoblotting with the indicated antibodies.

To immunoprecipitate endogenous SRPK2 or WT/mutant HA-SRPK2 for O-GIcNAcylation examination, cells were lysed with
NETN buffer supplemented with 100 uM PUGNAc (OGA inhibitor). Cell lysates were incubated with either protein A/G Sepharose
beads (Santa Cruz Biotechnology) or anti-HA beads (Sigma Aldrich) at 4°C for 4 hours. Beads were washed three times with
NETN lysis buffer. Samples were separated by SDS-PAGE and subjected to immunoblotting with the indicated antibodies.

Protein purification

For GST-tagged protein purification, E. coli BL21 cells were transformed with the target plasmids. Cell cultures were grown at 37°C
with shaking until the cell density reached 600 nm (OD600) of 0.6. Expression of recombinant genes was induced with 0.2 mM of
isopropyl B-d-1-thiogalactopyranoside (IPTG) overnight. GST fusion protein was purified using glutathione-Sepharose 4B beads
as previously described.

O-GlcNAcylated SRPK2 purification was performed as previously described (Shen et al., 2012). pGEX-4T-SRPK2 and pET28a-
hOGT (aa323-1041) were co-transformed into E. coli BL21 and the signal colony was selected on a Luria Bertani agar plate containing
100 pg/ml ampicillin and 50 pg/ml kanamycin for next expanding culture. The subsequent steps were the same as the GST fusion
protein purification procedure described above.

For His-tagged protein purification, E. coli BL21 cells were transformed with pET28a-hOGT (aa323-1041) plasmid. The bacterial
culture was grown until it reached at the OD600 value of 0.6-0.8. Then 0.2 mM of IPTG was added overnight to induce protein
expression. Bacterial cells were harvested, re-suspended in ice-cold lysis buffer (500 mM NaCl, 5 mM imidazole, and 20 mM
Tris-pH 7.9) (Li et al., 2017) containing 0.1% Triton X-100 and a protease inhibitor (Rocher) and lysed with a sonicator. His-tagged
proteins were purified with Ni-NTA (GE Healthcare) as previously described.

S6K1 kinase assays in recombinant SRPK2

FLAG-S6K1 protein was overexpressed and purified from HEK293T cells. For S6K1 in vitro kinase assays, 1 ng of bacterially-ex-
pressed GST-SRPK2 or O-GlcNAcylated GST-SRPK2 were incubated with purified FLAG-S6K1 in a 50 ul reaction volume containing
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25 mM Tris/HCI pH 7.5, 10 mM MgCl,, 5 mM B-glycerophosphate, 2 mM DTT, and 100 uM ATP at 30°C for 1 hour. Samples were
separated by SDS-PAGE and subjected to immunoblotting with the indicated antibodies.

In vitro O-GlcNAcylation assays

Because GST-tagged full-length human OGT had limited activity in vitro, we used the enzyme domain of human OGT (Cys323-
Glu1041) for in vitro O-GlcNAcylation assays. Recombinant His-OGT protein (aa323-1041) (1 ng) was incubated with 2 pg of recom-
binant GST-SRPK2 (aa454-521) or its mutant in 60 pL reaction volume (50 mM Tris-HCI, 12.5 mM MgCl,, 2 mM UDP-GIcNAc 1 mM
DTT, pH 7.5) at 37°C for 4 hours. Samples were separated by SDS-PAGE and subjected to immunoblotting with the indicated
antibodies.

OGA treatment assays

The assay has been described previously. Briefly, O-GIcNAcylated SRPK2 protein (by in vitro O-GIcNAcylation assay) was incubated
with 5 pug Clostridium perfringens OGA (aa31-624) at 37°C for 4 hours in a volume of 60 pl. Then samples were boiled with SDS-
loading buffer for immunoblotting analysis.

GST pull-down assays
GST-SRPK2 fusion protein was purified from E. coli BL21 cells and immobilized on glutathione Sepharose 4B columns (GE
Healthcare). HEK293T cells transfected with the indicated plasmids were lysed in NETN buffer with protease inhibitor cocktail
(Sigma-Aldrich, USA) and incubated with Sepharose beads immobilized with the indicated GST-tagged proteins at 4 °C overnight.
After washing three times with NETN buffer, beads were boiled in 60 pl 2 x SDS loading buffer and subjected to immunoblotting with
the indicated antibodies.

Immunofluorescence staining

The assay has been described previously. Briefly, cells were seeded on glass coverslips in 6-well plates. After the indicated treat-
ment, cells were fixed with 3% methanol-free formaldehyde at room temperature for 15 min and rinsed once with PBS. Then, the
cells were incubated with 0.5% Triton X-100 for 5 min at room temperature. Next, the cells were incubated with blocking buffer
(5% goat serum in PBS) for 1 hour at room temperature. After blocking, the fixed cells were incubated with primary antibody overnight
at 4 °C (SRPK2, 1:100 dilution in the blocking buffer). Cells were then washed three times with PBS, incubated with secondary an-
tibodies conjugated with FITC or with TRITC (1:200 dilution in the blocking buffer) at room temperature for 1 hour, and rinsed three
times with PBS. Cells were incubated with 0.5 pg/ml DAPI in PBS for 2 min, rinsed once with PBS, and mounted onto the glass slides
with mounting medium. Images were taken by the Nikon DS-Ri2 microscope or the Nikon A1RSi confocal microscope.

Human whole transcriptome RNA-seq

Quality of total RNA samples was assessed with Agilent 2100 Bioanalyzer system and library preparation was performed with
NEBNext® Ultra Il RNA library prep Kit for lllumina® with Poly-A selection according to manufacturer’s instructions. Sample
sequencing was performed on an lllumina 2 x 150 using mMRNA derived from three biological replicates. The reads obtained by
RNA-seq were aligned with STAR (2.7.0) against reference genome Homo sapiens (GRCh38). HT-Seq (0.11.2) was used to count
the gene expression. Subsequently, differential expression was assessed using DEseq?2 (1.22.2). The differential alternative splicing
analysis is done using rMATs. RNA-seq data have been deposited in the Gene Expression Omnibus (GEO: GSE147725).

Surface plasmon resonance (SPR) analysis

The interaction between the GST-tagged importina3 and the SRPK2 O-GIcNAc-NLS (or NLS) was monitored by SPR using a Biacore
T200 (GE Healthcare) carried out at 25°C in single-cycle mode. The CM5 biosensor chip (GE Healthcare) was immobilized with the
GST tagged-importin o3 and GST tag (negative control) according to manufacturer’s protocol and tested for binding with gradient
concentrations of the O-GIcNAc-NLS (HDRS(O-GIcNAC)RT(O-GIcNAC)VSASST(O-GIcNAc)GDLPKAKTR AADLLVNPLDPRNADK-
Biotin) and NLS peptides (HDRSRTVSAS STGDLPKAKTRAADLLVNPLDPRNADK-Biotin). The SRPK2 O-GlcNAc-NLS and NLS pep-
tides were dissolved in buffer containing 20 mM HEPES (pH 7.4), 150 mM NaCl, and 0.005% (v/v) Tween 20. Next, various concen-
trations of O-GIcNAc-NLS and NLS were flowed through the chip and the real-time responses were recorded. The concentrations of
O-GIcNAc-NLS and NLS peptides were 0.39, 0.78, 1.56, 3.12, 6.25, 12.5, 25, 50 and 100 nM, when testing interactions with importin
a3. After each reaction, the chip was re-generated using pH 1.7 glycine. The equilibrium dissociation constants (KD) for each pair of
interaction were calculated using Biacore T200 evaluation software (GE Healthcare). The KD values were calculated using the model
of 1:1 (Langmuir) binding mode.

Sample preparation for MS analyses

For fatty acids, cells were cultured in glucose-free DMEM supplemented with 17.5 mM [U-'3C]-glucose (Cambridge Isotope
Laboratories) with or without 10% FBS for 48 hours. The cells were gently washed with PBS buffer for three times to remove the
medium and were lysed for 90 s in lysis buffer containing 0.3 M KOH in 90% methanol. Next, the lysates were hydrolyzed for
1 hour at 80°C to saponify fatty acids. After adding 10% (v/v) formic acid to neutralize samples, the resulting fatty acids and cell debris
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were extracted twice with 1 mL of hexane. Finally, the samples were dried under nitrogen and stored in a —80°C freezer before LC-MS
analysis.

For UDP-GIcNAc, after the indicated treatment, cells were cultured in normal DMEM with or without 10% FBS for 48 hours. After
washing with PBS three times, the cells were mixed with 80% (v/v) methanol (pre-chilled to —80°C) and incubated at —80°C over-
night. Next, the cell lysate in methanol was centrifuged at 14,000 g for 20 min at 4°C before transferring the UDP-GIcNAc containing
supernatant to a new 1.5 mL tube on dry ice. UDP-GIcNAc samples were concentrated to dryness under nitrogen and stored in
a —80°C freezer before LC-MS analysis.

For cholesterol, after the indicated treatment, cells were harvested and weighted after lyophilization. The lyophilized powders were
added with 500 pL 50% (v/v) methanol and sonicated for 5 min. And then, the suspensions were saponified by adding 500 pL 45%
(m/v) KOH and incubated for 2 hours at 60°C. After saponification, the suspensions were cooled down to room temperature. Then
500 pL of dichloromethane (DCM) was added, inducing a two-phase separation. The samples were vortexed for 30 s and centrifuged
at 1000 rcf. for 5min. The bottom phase (containing primarily DCM) was removed. And an additional aliquot of DCM was added to the
top phase, vortexed, centrifuged, and the bottom phased was pooled with the previous organic phases. The mixture was dried with
nitrogen gas and then resuspended in 200 pL of 9:1 MeOH/H20 (v/v) for LC-MS/MS analysis.

LC-MS analyses of fatty acids, UDP-GIlcNAc and cholesterol

Fatty acids and UDP-GIcNAc were analyzed using an Acquity I-Class ultrahigh performance liquid chromatography system equipped
with a Waters Vion-IMS-QToF mass spectrometer. Chromatographic separation of fatty acids was performed using an Acquity
UPLC-BEH C18 column (100 mm x 2.1 mm i.d., 1.7 um) with a flow rate of 0.2 mL/min and column temperature of 60°C. Eluent
A was 60/40 (v/v) acetonitrile/water with 10 mM ammonium acetate and eluent B was 90/10 (v/v) isopropanol/acetonitrile. Separation
was done under the following linear conditions: 0-2.5 min 30% B, 2.5-8 min 50% B, 8-10 min 98% B, 10-15 min 98% B, 15-15.1 min
30% B, and 15.1-18 min 30% B. Chromatographic separation of UDP-GIcNAc was performed using eluent A containing 95/5 (v/v)
water/acetonitrile with 10 mM ammonium acetate and eluent B containing 5/95 (v/v) water/acetonitrile. The gradient conditions were
set as follows: 0 min 70% B, 0-2 min 40% B, 2-8 min 10% B, 8-9 min 2% B, 9-10 min 2% B, 10-10.1 min 70% B, and 10.1-13 min
70% B.

Fatty acids and UDP-GIcNAc were detected in negative ion mode within a mass range from 50 to 1000 m/z. Lock mass correction
was carried out with leucine enkephalin every 2 min. MS conditions were set as follows: capillary voltage 2.5 kV, scan time 0.1 s, low
collision energy 6 eV, and collision energy (MSE) starting at 20.00 eV and ending at 30.00 eV for fatty acids and starting at 20.00 eV
and ending at 40.00 eV for UDP-GIcNAc. UDP-GIcNAc detection was carried out in the lon Mobility condition.

Cholesterol was analyzed on a Vion-IMS-QToF Mass Spectrometer equipped with an Acquity I-Class ultrahigh performance liquid
chromatography system. The extracts were separated by an Acquity I-Class UPLC (Waters, USA) with an HSS T3-C18 column
(2.1 x 100 mm, 1.8 pm) from Waters. 0.1% formic acid was used as the mobile phase A and methanol was used as the mobile phase
B. A total flow rate of 0.3 mL/min was set for separation and the gradient was as follows: 0-3 min, 93% B; 3-6 min, 93%-100% B;
6-10 min, 100% B; 10-12 min, 100%-93% B. Metabolites were detected using a Waters Vion-IMS-QToF MS/MS in positive mode
within a mass range from 300 to 500 m/z, and other MS conditions was consistent with the fatty acid analysis.

LC-MS/MS analyses for O-GlcNAc identification of SRPK2

SRPK2 purified from HEK293T cells was trypsinized (sequencing grade, Promega, protein: trypsin = 50:1), digested at 37°C for 16
hours, and desalted using C4g Zip-Tips (Millipore). LC-MS/MS analyses were carried out using an Easy nLC-1000 system coupled
with an Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher Scientific). Samples were separated using customized
12 cm length reverse phase columns (150 um i.d.) packed with Ultimate XB-C4g 1.9 pm resin (Welch Materials). A binary solvent sys-
tem consisting of buffer A (0.1% formic acid in water) and buffer B (0.1% formic acid in acetonitrile) was employed for chromato-
graphic separation with a constant flow rate of 600 nl/min. The gradient was set as follows: 5%-8% B for 8 min, 8%—-22% B for
50 min, 22%-32% B for 12 min, 32%-90% B for 1 min, and 90% B for 7 min. The ion source parameters were set as: spray voltage
of 2kv, Slens RF level of 30, and ion transfer tube temperature of 300°C. The eluted peptides were analyzed by data-dependent MS2
acquisition (DDA) with a dynamic exclusion duration of 18 s. Higher-energy collision dissociation with a normalized collision energy of
30% was used for peptide fragmentation. The resolution of the MS scan was 120,000, the AGC value was 3e5, and the maximum
injection time was 50 ms.

LS-MS data analyses

For quantification of fatty acids and UDP-GIcNAc, MS data were processed using UNIFI software 1.9.3 version (Waters MS Tech-
nologies, Manchester, United Kingdom) with natural isotope correction. Deconvolution and peak picking were conducted using
3D peak detection. De novo synthesized fatty acids were determined based on the sum of all forms containing four or more labeled
carbon atoms (fatty acids containing 2-labeled carbon atoms were made from elongation, not de novo synthesis).

For O-GIcNAc identification of SRPK2, tandem mass spectra were searched against the human SRPK2 sequence (UniProtKB:
P78362) using Maxquant (version 1.6.10.43). Trypsin was selected as the proteolytic enzyme allowing a maximum of two missed
cleavages. Cysteine carbamidomethylation (57.021 Da) was set as the fixed modification. Serine/threonine O-GlcNAcylation
(203.079 Da), N-terminal acylation (42.001 Da), and methionine oxidation (15.995 Da) were set as the variable modifications. A false
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discovery rate of PSM, proteins, and peptides, was set as less than 1%. Score and delta scores for modified peptides were set to be
higher than 40 and 8, respectively. Tandem mass spectra corresponding to the putative O-GlcNAc-modified peptides and sites were
verified by manual inspection of their fragmentation patterns.

QUANTIFICATION AND STATISTICAL ANALYSIS

Student’s t test and ANOVA were separately used to analyze the data come from two groups and multiple groups. Statistical signif-
icance was described by p value in the figure legends and methods.
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