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Interactome analysis illustrates diverse gene
regulatory processes associated with LIN28A in
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SUMMARY

A single protein can be multifaceted depending on the cellular contexts and inter-
acting molecules. LIN28A is an RNA-binding protein that governs developmental
timing, cellular proliferation, differentiation, stem cell pluripotency, and meta-
bolism. In addition to its best-known roles in microRNA biogenesis, diverse mo-
lecular roles have been recognized. In the nervous system, LIN28A is known to
play critical roles in proliferation and differentiation of neural progenitor cells
(NPCs). We profiled the endogenous LIN28A-interacting proteins in NPCs differ-
entiated from human induced pluripotent stem (iPS) cells using immunoprecipita-
tion and liquid chromatography-tandem mass spectrometry. We identified over
500 LIN28A-interacting proteins, including 156 RNA-independent interactors.
Functions of these proteins span a wide range of gene regulatory processes.
Prompted by the interactome data, we revealed that LIN28 A may impact the sub-
cellular distribution of its interactors and stress granule formation upon oxidative
stress. Overall, our analysis opens multiple avenues for elaborating molecular
roles and characteristics of LIN28A.

INTRODUCTION

LIN28A was best known as a key negative regulator of let-7 microRNA (miRNA) biogenesis (Heo et al., 2008;
Rybak et al., 2008; Viswanathan et al., 2008), but it is also involved in other activities such as regulating trans-
lation (Cho et al., 2012; Herrlinger et al., 2019; Jin et al., 2011; Peng et al., 2011; Polesskaya et al., 2007; Qiu
et al., 2010; Wilbert et al., 2012; Xu et al., 2009), RNA splicing (Yang et al., 2015a), and DNA methylation
(Zeng et al., 2016). Through these divergent molecular pathways, LIN28A plays central roles in a wide range
of biological processes such as development (Ambros and Horvitz, 1984; Herrlinger et al., 2019; Moss et al.,
1997), pluripotency (Bhattacharya et al., 2018; Shyh-Chang and Daley, 2013), growth (Shinoda et al., 2013),
and metabolism (Zhu et al., 2011). LIN28A is emerging as a key oncogene and biomarker for multiple can-
cers (Jiang and Baltimore, 2016; Li et al., 2012), and its dysregulation has also been implicated in diseases
such as diabetes (Thornton and Gregory, 2012) and neurodevelopmental disorders (Kim et al., 2019).
LIN28A is one of the four stem cell factors that, in combination, can reprogram somatic cells into pluripo-
tent stem cells (Yu et al., 2007), and it also serves as an enhancer for tissue regeneration (Jo et al., 2016;
Shyh-Chang et al., 2013; Wang et al., 2018). Because LIN28A plays such an important role in such a diverse
array of processes, a thorough understanding of how it behaves at the molecular level is important for basic
biology, pathophysiology, and medicine.

LIN28A impacts multiple steps in neural development, from cell proliferation (Cimadamore et al., 2013;
Herrlinger et al., 2019; Romer-Seibert et al., 2019; Yang et al., 2015b) and cell fate determination (Balzer
et al., 2010; Herrlinger et al., 2019; Romer-Seibert et al., 2019; Xia et al., 2018) to neurite outgrowth
(Jang et al., 2019; Olsson-Carter and Slack, 2010). Typically, LIN28A expression is high at the pluripotent
state and declines along with neural differentiation, and both deficiency and overexpression of LIN28A
can cause abnormalities. Rett syndrome is a devastating neurodevelopmental disorder, and a recent study
reported that induced pluripotent stem (iPS) cell-derived neural progenitor cells (NPCs) from patients with
Rett syndrome exhibit aberrant up-regulation of LIN28A and lower glia-to-neuron ratio upon differentia-
tion (Kim et al., 2019). This was phenocopied by LIN28A overexpression in wild-type NPCs, consistent
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neurogenesis (Balzer et al., 2010; Xia et al., 2018). Although the LIN28A-let-7 axis has been implicated in
neurogenesis and NPC proliferation (Cimadamore et al., 2013), it appears that let-7-independent pathways
contribute significantly to LIN28A’s effects. When mutant LIN28A lacking the regulatory capability on let-7
was expressed, the effect of LIN28A on gliogenesis was still observed (Balzer et al., 2010). In addition, direct
inhibition of let-7 through circular sponge mimicked only a fraction of LIN28A effects on cell fate determi-
nation during postnatal neurogenesis (Romer-Seibert et al., 2019). As a let-7-independent mechanism,
IGF2-mTOR pathway has been demonstrated to mediate LIN28A's functions by affecting the translation
of target RNAs such as HMGAZ2 and IGF1R (Xia et al., 2018; Yang et al., 2015b). Recently, it was demon-
strated that LIN28A affects NPC proliferation and differentiation by regulating synthesis of proteins related
to cell cycles, ribosome biogenesis, and translation (Herrlinger et al., 2019). Beyond these reports, the mo-
lecular mechanisms of how LIN28A acts in neural development and related disorders remain largely
unknown.

Distinct functions of a protein in different processes are conferred by the context-specific interactions with
other molecules. As LIN28A is a well-known RNA binding protein with two tandem Cys-Cys-His-Cys
(CCHQ)-type zinc finger knuckles and a cold shock domain, the profiles of its binding RNA have been
comprehensively analyzed in previous studies (Cho et al., 2012; Hafner et al., 2013; Li et al., 2012; Peng
et al., 2011; Wilbert et al., 2012). Thousands of RNA transcripts have been found to be associated with
LIN28A, but the effects upon LIN28A perturbation seem to vary (Cho et al., 2012; Tan et al., 2014; Wilbert
et al.,, 2012). This indicates that LIN28A affects its bound RNAs not only by itself but also depending on the
interactions with other molecules, most likely proteins (Cho et al., 2012). However, the profiles of LIN28A-
interacting proteins are known to a limited extent, particularly in NPC. To our knowledge, only one previous
study used NPC-like cells (NE-4C) for surveying LIN28A-interacting proteins (Yang et al., 2015b) and found
40 interactors using GFP-fused Lin28a as the bait. Moreover, regardless of the cell types, most of the iden-
tified interactions with LIN28A were not assessed for RNA dependence or assessed but found to require
RNA (Heo et al., 2009; N&rvé et al., 2012; Parisi et al., 2021; Polesskaya et al., 2007; Yang et al., 2015a).
Parsing the RNA-dependent/independent nature of interactions may provide another layer of information
to help the mechanistic understanding of LIN28A. To gain a comprehensive molecular view of LIN28A’s
roles in the context of neural development, here we analyzed the proteins associated with endogenous
LIN28A in human iPS cell-derived NPCs with or without RNase A treatment.

RESULTS

LIN28A interactome in human iPS cell-derived NPCs illustrates a wide range of gene
regulatory processes associated with LIN28A

To identify LIN28A-interacting proteins in human iPS cell-derived NPCs (Chailangkarn et al., 2016), we per-
formed immunoprecipitations (IPs) in biological triplicate using the antibody specific to endogenous
LIN28A with or without RNase A treatment and analyzed the eluates by liquid chromatography-coupled
mass spectrometry (Figures 1A and S1; Table S1). Proteins identified in the IPs illustrated in Figure 1A
are shown in Table S71. LIN28A was detected with the highest abundance among all identified proteins
(871 proteins) in +RNase A samples by the average of normalized spectral abundance factor (NSAF) and
was ranked as the 24th most abundant protein in —RNase A samples among the 924 identified proteins,
indicating that LIN28A was successfully enriched (Figures S1D and S1E). The reason for the lower relative
abundance of LIN28A in —RNase A may be the mutual binding of proteins to the same RNA with LIN28A,
causing the pull-down of bigger complexes and reducing the relative abundance of LIN28A. The specificity
of the antibody was further confirmed by western blotting of NPC lysates (Figure 1B). By comparing with
IgG controls using the software tool Significance Analysis of INTeractome (SAINT) (Choi et al., 2011), we
identified 457 proteins with false discovery rate < 0.05 in —RNase A (Table S1). In +RNase A, the number
of significant interactors was reduced to 156, suggesting that many protein interactions identified in
—RNase A were mediated by RNA (Figure 1C). HNRNPA1 was one of the most abundant and significant
interactors in —RNase A but was completely abolished in +RNase A (Table S1). This RNA dependency of
HNRNPA1-LIN28A interaction recapitulates the result from a previous study (Yang et al., 2015a).

To evaluate the reproducibility and sensitivity of our LIN28A interactome, we surveyed the currently known
LIN28A interactors from 23 papers (Amen et al., 2017; Balzer and Moss, 2007; Butland et al., 2014; Chang
etal., 2013; Choudhury et al., 2014; Cox et al., 2010; Haenig et al., 2020; Hagan et al., 2009; Haq et al., 2019,
Hein et al., 2015; Heo et al., 2009; Huttlin et al., 2021; Jin et al., 2011; Kawahara et al., 2011; Li et al., 2014;
Luck et al., 2020; Maier et al., 2015; Mallanna et al., 2010; Marcon et al., 2014; Narva et al., 2012; Parisi et al.,
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Figure 1. Immunoprecipitation-mass spectrometry (IP-MS) analysis to identify LIN28A interactome

(A) Overall workflow of IP-MS used in the present study to identify significant interactors of endogenous LIN28A in human
iPS cell-derived NPCs.

(B) Western blot assessment of specificity of the LIN28A antibody used in IP-MS. The lysate from LIN28A over-expressing
(OE) NPC was loaded next to the same amount of control lysate. The antibody specifically detected LIN28A protein.
(C) Volcano plot of the proteins identified in LIN28A IP-MS to compare spectral counts (SpC) in the presence versus
absence of RNase A. The y axis represents —logio(t test p value).

(D) Venn diagram showing the overlap of significant LIN28A interactors identified in this study and those identified in
previous studies. Pie chart below represents the number of interactions identified in certain number (1-5) of previous
studies. Most of the interactions were identified in only one or two of 23 curated studies (Table S1).

(E) Frequency distribution of percentage CRAPome studies that detected the LIN28A interactors in negative controls.
LIN28A interactors identified in this study and those in previous studies are represented by interleaved bars in each bin.
Recently published large-scale interactome study (Huttlin et al.), in which 273 LIN28A interactors were identified, is
separately represented. See also Figure S1.

2021; Polesskaya et al., 2007; Wang et al., 2019), covering more than the BioGRID (Chatr-Aryamontri et al.,
2017) and IntAct (Orchard et al., 2014) databases (Table S1). Among 581 previously reported LIN28A inter-
actors, 207 proteins were re-identified in our NPC data. Only 87 of 581 interactions were reproducibly de-
tected in more than one of those 23 studies (Figure 1D), and 52 of those interactions were re-identified in
our data (Table S1). Our results newly identify 312 proteins as LIN28A interactors, including most of the
RNA-independent interactors (118 of 156) (Figure 1D). To assess whether the identified interactions are
due to nonspecific binding of proteins to the beads, we screened our data through CRAPome, the repos-
itory of proteins detected in negative controls for affinity purification mass spectrometry (Mellacheruvu
et al., 2013) (Figure 1E). Almost half (241 of 519, ~46.4%) of our interactors have been detected in <20%
of CRAPome studies.

For a cross-validation of our results, we ectopically expressed FLAG-tagged LIN28A in HEK293 cells and
purified the associated proteins using anti-FLAG affinity gel. In the protein complexes co-immunopuri-
fied with FLAG-LIN28A, we detected proteins such as EFTUD2, RTCB, EIF3D, and CARM1 that are newly
identified in this study as well as SF3B3 that was identified in a previous study (Figure 2A). In addition,
proximity ligation assays indicated the in situ interactions of LIN28A with DDX17, EFTUD2, and EIF3D.
Prominently higher level of proximity ligation assay (PLA)-positive spots were observed in NPC than in
HEK293 cells that hardly express endogenous LIN28A (Figures 2B-2E). The number of PLA-positive spots
appeared significantly higher by each antibody pair (LIN28A-DDX17, LIN28A-EFTUD2, LIN28A-EIF3D)
than by negative controls, in which either side of the antibody pairs was replaced with normal 1gG
(Figure S2).
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Figure 2. Cross-validation of interactions identified in IP-MS

(A) Western blot validation of co-immunoprecipitation in HEK293 cell line. Input lysates (1%) were loaded alongside the IP
eluates, and immunoblotting against selected candidates from IP-MS data was performed.

(B) Representative images of proximity ligation assays (PLA) to detect the interactions between DDX17 and LIN28A. Scale
bar, 10 pm. Red, PLA-positive signals; blue, DAPI.

(C-E) Quantification of PLAs to detect interactions of LIN28A with DDX17 (C), EFTUD2 (D), and EIF3D (E). n = 3 different
images per group. Statistical significance was calculated by Student’s t test (****p < 0.0001, ***p < 0.001, **p < 0.01, *p <
0.05). Bar graphs represent mean + SEM. See also Figure S2.

To gain functional insights into the LIN28A-associated molecular network, we performed a gene ontology
(GO) enrichment analysis using a software tool g:Profiler (Raudvere et al., 2019). Although RNA-dependent
interactions could result from co-binding to the same mRNA, those proteins are likely to be involved in pro-
cesses occurring at the same time. Indeed, functionally important protein-protein interactions requiring
RNA have been reported (Heo et al., 2009; Narva et al., 2012; Polesskaya et al., 2007; Yang et al., 2015a).
Therefore, we surveyed the significant LIN28A interactors in —RNase A IP to first gain a comprehensive
overview. In line with LIN28A's well-known functions, the most enriched terms in GO:BP included RNA
metabolic process (GO:0016070, adjusted p value 3.05 x 107%?) and translation (GO:0006412, adjusted
p value 1.41 x 107%%). To highlight more specific functions rather than broad functions such as “gene
expression,” we selected significant GO:BP terms of adjusted p value < 0.001 with the term size smaller
than 500 proteins for further exploration. The redundant GO terms were clustered using a software tool
REVIGO (Supek et al., 2011) (Figure 3A). This overview indicated that LIN28A-associated proteins span a
wide range of gene regulatory steps: chromatin organization, transcription, ribosome biogenesis, splicing,
RNA transport, mRNA stability, gene silencing, stress granule (SG) localization, and translation. Similarly,
various protein complexes retrieved from the CORUM database were significantly enriched (Figure 3B).

As LIN28A is best known for its roles in let-7 miRNA biogenesis, “production of miRNAs involved in gene
silencing” (GO:0035196) was significantly enriched in the interactome (adjusted p value for enrichment =
0.000374) (Figure S3A). Protein complexes known to play essential roles in miRNA biogenesis (TRBP-con-
taining complex, Large Drosha complex, DGCR8 multiprotein complex) were overrepresented (Figures 3B,
3C, and S3B). This is in line with previous studies showing that LIN28A is associated with TRBP/Dicer com-
plexes (Amen et al., 2017) and that LIN28A inhibits pri-let-7 processing by Drosha/DGCR8 (Newman et al.,
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Figure 3. LIN28A interacts with proteins involved in a wide range of gene regulatory processes

(A) REVIGO result using GO:BP terms significantly enriched in LIN28A interactors in —RNase A (adjusted p value < 0.001, term size <500 proteins). We
comprehensively explored the biological processes associated with LIN28A using the REVIGO result as a map; the relevant figure numbers are represented.
(B) The most significantly enriched CORUM complexes in —RNase A (g:Profiler results). Numbers on the right show the number of LIN28A interactors from
our results among all the annotated proteins in each complex.

(C) LIN28A-associated proteins identified in our data were merged with String networks of proteins annotated in “Large Drosha complex (CORUM:1332)"
and "DGCR8 multiprotein complex (CORUM:3082).” Nodes with thick red outlines indicate the interactors that were determined as significant LIN28A
interactors in +RNase A, and nodes with thick blue outlines represent significance only in —RNase (A). Node fill color indicates the log,(ratio of NSAF
(+RNase A IP/—RNase A IP)). Red indicates higher relative abundance in +RNase A, whereas blue means lower relative abundance in +RNase A, suggesting
the existence of RNA-dependent interactions. See also Figure S3.

2008; Viswanathan et al., 2008). Drosha and DGCR8 were not significantly detected among LIN28A-asso-
ciated proteins, suggesting a competitive role of LIN28A against Drosha/DGCR8 from binding the com-
plex components. Most of the interactions were disrupted by RNase A under our conditions, indicating
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their RNA dependence. LIN28B, DDX5, DDX17, DDX3X, and RPL15 remained as significant interactors in
the presence of RNase A, suggesting that their mechanistic relationship is based on protein-protein
interactions.

LIN28A-associated proteins involved in nuclear gene regulatory processes

Nuclearroles of LIN28A impacting transcription have been rarely explored (Zeng et al., 2016). In our LIN28A
interactome, proteins involved in transcription or chromatin organization were overrepresented, implying
the existence of unknown roles for LIN28A (Figure 3). Of particular interest, BRG1/BRM-associated factor
(BAF) complex subunits were overrepresented in our data (Figure 3B). BAF complex is a subfamily of ATP-
dependent chromatin remodeling complexes and known to play crucial roles in neural differentiation, and
mutations of its subunits have been frequently found in autistic disorders and cancer (Goodman and Bonni,
2019; Hota and Bruneau, 2016; Mathur and Roberts, 2018; Wilson and Roberts, 2011). Interactions of
LIN28A with BAF complex subunits were mostly RNA independent (Figure 4A). We validated the interac-
tion of LIN28A with the BAF complex subunits, SMARCB1 and SMARCA4, by performing western blot after
immunoprecipitating LIN28A from NPC lysates in the presence of RNase A (Figure 4B). Interactions specific
to PBAF (polybromo- and BAF containing) complex (Hodges et al., 2016), sharing common components
with BAF complex, became markedly reduced upon RNase A treatment, suggesting that different types
of BAF complexes interact with LIN28A in different manners (Figure 4A). LIN28A interaction with another
DNA-binding complex that is involved in DNA replication and repair, RFC complex, was eliminated in
the presence of RNase A (Figure S4A). These data imply that LIN28A might be involved in functional effects
of cross talk of RNA and DNA-bound complexes (Grossi et al., 2020). As such, LIN28A may affect neural
differentiation by interacting with DNA/chromatin-regulatory protein complexes.

LIN28A interactors were prominently enriched with RNA splicing-related proteins (GO:0008380, adjusted p
value 1.89 x 107", Figure 3A). Most eukaryotic mRNAs mature from precursor mRNA (pre-mRNAs)
through splicing, during which noncoding introns are excised and protein-coding exons are joined. Regu-
lation of RNA splicing and alternative splicing specific to neural cell types is important for neural develop-
ment (Porter et al., 2018). Splicing is mediated by the splicecosome, which is a large protein-RNA complex
comprising U1, U2, U5, and U4/Ué6 small nuclear ribonucleoproteins (snRNPs) with additional other pro-
teins. SF3b complex plays a crucial role in pre-mRNA branch site recognition of U2 snRNP during splicing
(Gozani et al., 1998). U2 snRNP is assembled on pre-mRNA with U1 snRNP at the initial phase of spliceo-
some formation, recruiting U4/U6.U5 tri-snRNP (Will and Lihrmann, 2011). Intron excision and exon ligation
reactions proceed after dissociation of UT and U4 snRNPs, which requires RNA helicase activity of
SNRNP200 (human homolog of Brr2) (Will and Luhrmann, 2011). This helicase activity is regulated by EF-
TUD2 (Bartels et al., 2003) and PRPF8 (Maeder et al., 2009).

A previous study has shown that LIN28A in nuclear extract is associated with HNRNPA1 (Yang et al., 2015a),
a key splicing regulatory factor (Jean-Philippe et al., 2013), in breast cancer cells. More than 100 mRNA spe-
cies were differentially spliced upon LIN28A knockdown, suggesting a role for LIN28A in alternative
splicing (Yang et al., 2015a). Yang et al. showed that many of differentially spliced mRNA profiles upon
LIN28A knockdown did not overlap with those affected by HNRNPA1 knockdown, suggesting that
HNRNPA1-independent mechanisms that mediate the LIN28A's effects on splicing may exist. In embryonic
stem cells and LIN28A-overexpressing HEK293 cells, LIN28A was shown to promote translation of genes
encoding splicing-related factors, thereby affecting alternative splicing as a secondary effect (Wilbert
et al., 2012). Analyses of LIN28A-bound RNA suggested that major targets of LIN28A seem to be mature
mRNAs that have gone through splicing because LIN28A-bound RNA sequences are depleted of intronic
regions (Cho et al., 2012; Wilbert et al., 2012). Therefore, whether LIN28A can directly regulate splicing is
not yet clear due to the lack of mechanistic understanding.

In our analysis, 112 LIN28A-associated proteins were annotated in RNA splicing (Figure S4B). Upon RNase
Atreatment, most of those proteins including HNRNPA1 became undetectable or reduced to the control IP
level, indicating that those interactions are likely to be mediated by co-bound RNA. Intriguingly, we found
that interactions with subunits of U5 snRNP (SNRNP200, EFTUD2, and PRPF8) and U2 snRNP (SF3B1/2/3)
remain as significant LIN28A interactors in the presence of RNase A (Figure 4C). In contrast, none of the
U1 snRNP-specific components were determined as RNA-independent LIN28A interactors (Figure 4C).
Ourresults support the possibility that LIN28A may directly affect the splicing regulation by protein-protein
interactions with U2 snRNP and U5 snRNP components.
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Figure 4. LIN28A-associated proteins involved in nuclear processes: Chromatin organization and splicing

(A) String network of BAF/PBAF complex subunits (Hodges et al., 2016) merged with our LIN28A IP-MS data.

(B) Immunoblotting of SMARCB1 and SMARCA4 co-immunoprecipitated with LIN28A from NPC lysates in the presence of
RNase A. A different antibody (ab63740) was used for IP from the one used for IP-MS (sc-374460) for cross-validation, and
normal rabbit IgG was used for the control IP. LIN28A enrichment was so high that LIN28A from the input lysate could not
be detected in the same blot with the immunoprecipitated LIN28A.

(C) U1 snRNP (GO:0005685), U2 snRNP (GO:0005686), and U4/U6.U5 tri-snRNP (GO:0046540) complex subunits and their
interactions, merged with our LIN28A IP-MS data. See also Figures S4 and S5.

LIN28A impacts subcellular distribution of EIF3D

LIN28A is known to be associated with mRNA and polysomes, positively or negatively regulating the trans-
lation of MRNA in different contexts (Balzer and Moss, 2007; Cho et al., 2012; Peng et al., 2011; Polesskaya
etal., 2007; Qiu et al., 2010; Wilbert et al., 2012; Xu et al., 2009). In line with these previous studies, LIN28A
interactors in our analysis were enriched for ribosomal complexes (Figure 3B). The non-ribosomal proteins
related with translational initiation (Figure 5A) included EIF3D. elF3 is the most complex and largest
(~800 kDa) translation initiation factor that plays crucial roles in most forms of translation initiation (des
Georges et al.,, 2015). Three elF3 subunits (EIF3B, EIF3D, EIF3F) significantly interacted with LIN28A in
the presence of RNase A. EIF3D, the peripheral subunit of elF3 complex thought to be involved in specific
translation rather than global translation (Sha et al., 2009), was detected with the highest abundance
among the elF3 subunits and was never detected in the 1gG control IP (Figure 5B). The interaction of
EIF3D and LIN28A was cross-validated using coimmunoprecipitation and PLA (Figures 2 and S2).

EIF3D has been shown to shuttle between the nucleus and cytosol (Sha et al., 2009; Yen and Chang, 2000). We
hypothesized that LIN28A upregulation, observed under pathogenic states such as Rett syndrome (Kim et al.,
2019) or cancer (Hamano et al., 2012) or during the trophic response (Amen et al., 2017), may affect subcellular
distribution of its interactors by perturbing the protein interaction network. To address this question, we over-
expressed LIN28A and surveyed the immunostaining patterns of EIF3D. Interestingly, subcellular distribution of
LIN28A itself was heterogeneous among transfected cells (Figures 5C and Sé): a subset of cells showed intense
nuclear localization of LIN28A, whereas others showed higher cytosolic and perinuclear localization. EIF3D
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Figure 5. LIN28A impacts subcellular distribution of EIF3D

(A) Venn diagram showing the overlaps between the LIN28A-associated proteins annotated in translational initiation
(GO:0006413), SRP-dependent cotranslational targeting to membrane (GO:0006614), and ribosome (GO:0005840).

(B) Relative abundance of elF3 subunit proteins co-immunoprecipitated with LIN28A in the presence of RNase A (red bar)
and those in the control IP (gray). EIF3G, H, |, K data are omitted as they were detected only once in all the samples. Data
are represented as mean + SEM. **FDR (false discovery rate) < 0.01, ****FDR < 0.0001 by SAINT analysis.

(C and E) Representative immunofluorescence images of HEK293 cells transfected with LIN28A-expressing plasmids.
Scale bar, 10 pm. Arrows indicate cells with intense nuclear LIN28A signals. Arrowheads indicate cells with higher LIN28A
signals outside the nucleus.

(D) Correlation of nuclear/cytosolic mean intensity ratio of LIN28A and EIF3D. Pearson r = 0.7234, p < 0.0001.

(F) Correlation of nuclear/cytosolic mean intensity ratio of LIN28A and SF3B3. Pearson r = —0.5010, p = 0.048. See also
Figure Sé.

showed prominently higher nuclear intensity in those cells with high level of nuclear LIN28A (Figures 5C and
S6A), showing a positive correlation of nuclear/cytosolic ratio of LIN28A and EIF3D (Figure 5D). This effect
was specific to EIF3D as this enhanced nuclear signal was not observed for other interactors (SF3B3, EFTUD2)
(Figures 5E and S6B). Rather, SF3B3 nuclear intensity tended to be reduced in cells with high nuclear levels of
LIN28A (Figure 5F). This demonstrates that LIN28A may impact subcellular distribution of its interactors in
different ways. LIN28A may alter the axis of nuclear/cytosolic functions of EIF3D such as nuclear ribosome
biogenesis and cytoplasmic translation (Sha et al., 2009).

LIN28A, associated with stress granule (SG) proteins in the basal state, negatively affects SG
assembly upon stress

SGis amembraneless granule of RNA and RNA-binding proteins, formed under conditions such as heat shock or
oxidative stress (lvanov et al., 2018). It is thought to play important roles in stress-induced gene expression
changes and neural differentiation (Jeong et al., 2020). Previous studies have found that LIN28A localizes to
SG upon stress (Balzer and Moss, 2007; Markmiller et al., 2018; Palangi et al., 2017). Interestingly, in our
LIN28A interactome data, even without stress, SG core proteins, such as G3BP1/2 and CAPRIN1, were highly en-
riched in our dataset. We compared our data with known SG proteomes defined in three published studies (Jain
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Figure 6. LIN28A impairs stress granule (SG) formation upon stress

(A) Intersection of SG proteins from previous studies and RNase A-resistant LIN28A interactors in our study.

(B) Immunofluorescence of G3BP1 in infrared fluorescence protein (iRFP) or LIN28A-overexpressing cells with sodium
arsenite treatment (0.3 mM, 30 min). mEmerald was expressed as a co-transfection marker. Scale bar, 10 um.

(C) Quantification of percentage SG-positive cells among mEmerald-positive cells (n = 3 plates for each group). At least
35transfected cells in four images per plate were assessed. Data are represented as mean + SEM. ***p <0.001, unpaired
t test.

et al., 2016; Markmiller et al., 2018; Youn et al., 2018). Jain et al. biochemically purified the SG and analyzed the
proteins by mass spectrometry, depicting a first SG proteome (Jain et al., 2016). Markmiller et al. defined the SG
proteome by proximity-based labeling of G3BP1-interacting proteins in human iPS cell-derived NPCs and non-
neural cells (HEK293T) under different types of stress (Markmiller et al., 2018). They found cell-type specific dif-
ferences in SG proteomes, so we focused only on the NPC SG proteome from that study. Youn et al. systemat-
ically performed proximity-based interactome analyses on more than 100 proteins involved in RNA biology and
defined core components of SG and P-bodies (Youn et al., 2018). Among 507 SG proteins found in at least one of
the three studies, 104 proteins were found as significant LIN28A interactors without RNase A, and 27 interactions
were retained in the presence of RNase A (Figure 6A). This indicates that most of the interactions with SG proteins
are mediated through co-binding to RNAs, but certain interactions are based on protein-protein interactions. To
find out whether LIN28A affects SG formation upon oxidative stress, we overexpressed LIN28A and immuno-
stained the SG marker, G3BP1, after sodium arsenite treatment (Figure 6B). SG formation was markedly impaired
in LIN28A-overexpressing cells compared with control cells expressing an infrared fluorescent protein (Fig-
ure 6C), suggesting that aberrantly upregulated LIN28A may perturb translation reprogramming through SG
assembly.

DISCUSSION

The mechanisms of LIN28A function are context dependent, and details have been largely elusive. This
study provides a comprehensive portrait of the LIN28A interactome, highlighting LIN28A as an all-round
player in multiple gene regulatory processes. Our analysis supports and elaborates LIN28A’s previously
known roles as well as derives a number of hypotheses regarding the molecular pathways involving
LIN28A. The interactions and pathways described may best fit in the context of neural development as
we used the human iPS cell-derived NPC, a model previously used to discover the abnormal upregulation
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of LIN28A in Rett syndrome. We identified more than 500 proteins as significantly associated with LIN28A,
including 156 proteins in the presence of RNase A. We pulled down endogenously expressed LIN28A-asso-
ciated complexes, avoiding potential artifacts that might be caused by over-expressing epitope-tagged
LIN28A (Kim et al., 2019).

We identified RNA-independent LIN28A interactors in core splicing machinery as well as those involved in
chromatin remodeling, opening a window for studying the nuclear roles of LIN28A and the related gene
regulatory events. We found additional LIN28A-associated proteins involved in nuclear processes or
RNA metabolism, such as RNA destabilization, polyadenylation, and transport and ribosome biogenesis
(Figures 3A, S3C, S3D, and S5), providing a basis for further studies. Our results will help elaborate the
mechanistic knowledge of how the pleiotropic LIN28A plays roles in gene regulation.

Translational regulation is crucial for normal brain development, and its dysregulation is known to cause
neurodevelopmental disorders such as Rett syndrome and autism-spectrum disorders (Longo and Klann,
2021). EIF3D is known as a peripheral subunit of elF3 and binds to 5’ cap of MRNA independent of canonical
elF4E-dependent mechanism, especially for expression of specific proteins involved in cell cycle and dif-
ferentiation (Lee et al., 2015). We found that LIN28A interacts with EIF3D in an RNA-independent manner
and that an excess amount of LIN28A in the nucleus increases the nuclear EIF3D. One possible hypothesis is
that LIN28A binding to EIF3D might render the nuclear localization signal of EIF3D active. Whether and
how the LIN28A-EIF3D interaction impacts translation and ribosome biogenesis particularly during neural
development will be interesting to study in the future.

Consistent with previous studies that identified LIN28A as SG components (Balzer and Moss, 2007; Mark-
miller et al., 2018), we found that LIN28A was associated with SG core proteins (Youn et al., 2018). We deter-
mined that the interactions are RNA independent and exist under the unstressed condition. A mechanistic
model for SG formation illustrates that pre-existing interactions between SG core proteins form nano-
scopic “seeds” at the basal state, which, upon stress, rapidly condensate into microscopic SG by coalescing
with neighboring seeds, other proteins, and RNAs (Panas et al., 2016; Youn et al., 2018). Interestingly, we
found that LIN28A, which was associated with SG core proteins before stress, markedly impaired the SG
formation upon oxidative stress. The mechanisms and physiological impacts of this effect are yet to be
studied. We speculate that LIN28A upregulation, which has been reported to be associated with disease
states such as Rett syndrome (Kim et al., 2019) or cancer (Balzeau et al., 2017) and trophic responses (Amen
et al., 2017), might perturb the molecular interaction network, thereby interfering with the stress response.
As well, the excess amount of LIN28A may alter the stress response regulation through EIF3D, which is also
a known SG component (Jain et al., 2016). LIN28A may affect the SG-associated translational reprogram-
ming during neural differentiation (Jeong et al., 2020).

We observed that LIN28A preferentially interacts with selective subunits of protein complexes. Whether
LIN28A interacts with only a specific subpopulation of the complexes containing the subunits and, if
so, what is the structural and functional difference between the LIN28A-associated and non-associated
complexes is an appealing question. Those proteins preferentially associated with LIN28A might play a
specialized role apart from a canonical complex they belong to. For example, ribosomes are now thought
as dynamic and flexible structures rather than static and passive “housekeeping” machineries employed
for translation (Genuth and Barna, 2018). Different subunit compositions confer distinct functions and
structures in different contexts such as cell types and disease states. Interestingly, LIN28A is associated
with specific ribosomal proteins in an RNA-independent mode, and several of these proteins, such as
RPL5, RPL10, and RPS27L, have been shown to promote tumorigenesis or cancer (Aspesi and Ellis,
2019; Huang et al., 2013; Xiong et al., 2014). Considering that LIN28A is associated with malignant cancer
and poor prognosis (Hamano et al., 2012; Viswanathan et al., 2009; Wang et al., 2015), our data raise the
hypothesis that LIN28A might affect the activities of certain ribosomal subunits through protein-protein
interactions, leading to a cancer-prone state. Three RNA-independent LIN28A interactors among Dro-
sha/DGCR8 complex subunits are all ATP-dependent RNA helicases with DEAD box (DDX) domain
(DDX3X, DDX5, DDX17). They are involved in multiple gene expression processes from transcription to
translation similarly to LIN28A (Bourgeois et al., 2016). We verified the LIN28A-DDX17 interaction by
PLA, suggesting that they are likely to be direct interactors. It will be interesting to examine whether these
multifunctional proteins, binding to broad ranges of RNAs, cooperate to pinpoint specificity of target
RNAs and their fates.
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Overall, by identifying the protein interactome of endogenous LIN28A in human NPCs differentiated from
iPS cells, we provide a molecular basis that may explain how LIN28A plays roles in a wide range of molecular
processes, from chromatin organization to translation, in neural differentiation and disorders.

Limitations of study

Many details remain to be interrogated regarding most of the interactions revealed in this study such as the
direct/indirect nature of interactions, the protein domains mediating the interaction, and the functional
impact of each interaction.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-LIN28A Santa Cruz Cat# sc-374460; RRID:AB_10989468

Anti-LIN28A Abcam Cat# Ab-63740; RRID:AB_1310410

Normal mouse 1gG Santa Cruz Cat# sc-2025; RRID:AB_737182

Mouse IgG2a Santa Cruz Cat# sc-3878; RRID:AB_737242

Anti-G3BP1 Proteintech Cat# 13057-2-AP; RRID:AB_2232034

Anti-EIF3D Proteintech Cat# 10219-1-AP; RRID:AB_2096880

Anti-SF3B3 Proteintech Cat# 19910-1-AP; RRID:AB_10667004

Anti-EFTUD2 Proteintech Cat# 10208-1-AP; RRID:AB_2095834

Anti-DDX17 Proteintech Cat# 19910-1-AP; RRID:AB_10667004

Donkey anti-Mouse 1gG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor 647

Alexa Fluor® 594 AffiniPure Donkey

Anti-Rabbit IgG

(H+L)

Normal rabbit IgG

Invitrogen

Invitrogen

R&D Systems

Cat# A31571; RRID:AB_162542

Cat# 711-585-152; RRID:AB_2340621

Cat# AB105C; RRID:AB_354266

Chemicals, peptides, and recombinant proteins

Polyornithine Sigma P3655
Laminin Invitrogen 23017-015
DMEM/F12 Corning 10-092-CV
Gem21 Gemini 400160
NeuroPlex N2 Gemini 400163
bFGF ThermoFisher PHG0263
Protein A sepharose Life Technologies 101041
DMP (dimethyl pimelimidate) ThermoFisher 21666
cOmplete™, Mini, EDTA-free Protease Inhibitor Sigma 04693159001
Cocktail

PhosSTOP Sigma 4906845001
ProteaseMax Promega V2071
Sequencing grade modified trypsin Promega V5111
Lipofectamine 3000 Invitrogen 3000001
X-tremeGENE™ HP DNA Transfection Reagent Roche 6366244001
ProLong Diamond with DAPI Invitrogen P36971
Opti-MEM Life Technologies 31985-062
Critical commercial assays

Duolink PLA Technology Sigma DUO92101
Duolink In Situ Mounting Medium with DAPI Sigma DUO82040

Deposited data

LIN28A immunoprecipitation mass
spectrometry data

[Database]: ProteomeXchange consortium
through the partner repository MassIVE

PXD015555, MSV000084371

Experimental models: Cell lines

Human: neural progenitor cell
Human: HEK293

Laboratory of Alysson Muotri
ATCC

WT83
CRL-1573

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant DNA

pcDNA3-FLAG.HA Addgene 10792
pcDNA3-FLAG.LIN28A Addgene 51371

Software and algorithms

ImageJ

RawConverter

IP2 - Integrated Proteomics Pipeline Ver. 6.7.1

(Schneider et al., 2012)
(He et al., 2015)

Integrated Proteomics Applications Inc

https://imagej.nih.gov/ij/
http://fields.scripps.edu/rawconv/
http://goldfish.scripps.edu/ip2/mainMenu.html

Cytoscape (Shannon et al., 2003) https://cytoscape.org/

String (Szklarczyk et al., 2019) https://string-db.org/

g:profiler (Raudvere et al., 2019) https://biit.cs.ut.ee/gprofiler/gost

SAINT (Choi et al., 2011) http://saint-apms.sourceforge.net/Main.html
REVIGO (Supek et al., 2011) http://revigo.irb.hr/

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 R. Yates Il (jyates@scripps.edu).

Materials availability

Materials are available upon request.

Data and code availability

® The data have been deposited at ProteomeXchange consortium (PXD015555) through the partner re-
pository MassIVE (MSV000084371) and are publicly available as of the date of publication. Accession
numbers are listed in the key resources table.

® This paper does not report 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 SUBJECT DETAILS

Cell culture

Neural progenitor cells (NPCs) differentiated from human induced pluripotent stem (iPS) cells (Chailang-
karn et al., 2016) were plated on the dishes coated with poly-ornithine (10 ug/mL, Sigma P3655) in water
and then laminin (1:400, Invitrogen 23017-015) in DPBS, each for more than 4 h in 37°C CO; incubator. Cells
were maintained in the DMEM/F12 (Corning 10-092-CV) supplemented with Gem21 (1:100, Gemini
400160), NeuroPlex N2 (1:200, Gemini 400163), bFGF (20 ng/mL, PHG0263). Media were changed every
other day, and cells were split using Accutase when ~90% confluency was reached. NPCs were constantly
tested for mycoplasma contamination. The Scripps Research Institute Institutional Review Board (TSRI-IRB)
approved the protocol. HEK293 cells were maintained in DMEM/10% FBS.

METHOD DETAILS
Plasmid transfection

Plasmids were transfected using X-tremeGENE™ HP DNA Transfection Reagent (Roche). pcDNA3-FLAG-
Lin28A (for FLAG-LIN28A overexpression) and pcDNA3-Flag-HA (for vector control) were from Narry Kim
lab (Addgene plasmid # 51371) (Heo et al., 2008) and William Sellers lab (Addgene plasmid # 10792),
respectively.
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LIN28A immunoprecipitation

Cells were harvested and centrifuged at 200 x g, and the cell pellets were stored frozen at —80°C until be-
ing processed. For each biological replicate, lysates from six confluent 60 mm plates were pooled and
divided into three groups (RNase A+/—, Control). Thereby, all groups, including the negative control,
had three biological replicates. Ten pg of LIN28A antibody (Santa Cruz sc-374460) was incubated with
20 pL slurry of Protein A Sepharose (Life Technologies 101041) o/n at 4°C and, washed with 100 mM sodium
borate buffer at pH 9.0, and then crosslinked using dimethyl pimelimidate (Thermo 21666, 10 mM) in the
borate buffer at room temperature (RT) for 30 min. The crosslinked beads were washed with 200 mM etha-
nolamine at pH 8.0 and then incubated in the ethanolamine solution at RT for 2 h followed by 2X washing
with DPBS and then 3X with cell lysis buffer. Cell pellets were lysed in 20 mM Tris pH 7.5, 200 mM NaCl, 0.5%
Triton X-100, 0.5% NP-40 with protease inhibitor cocktails (Sigma 4693159001) and PhosSTOP (Sigma
4906845001) at 4°C and centrifuged at 17K X g for 30 min. The supernatants were subjected to BCA assay
for measuring the protein concentration. One milligram of lysate was precleared using Protein A Sepharose
beads pre-incubated with normal mouse IgG. Pre-cleared lysates were incubated with the beads cross-
linked with LIN28A antibody or with normal mouse IgG as negative controls at 4°C o/n. For +RNase A sam-
ples, RNase A (100 pg/mL) was added and incubated for 30 min at RT before starting the o/n IP. Beads were
washed 3 times with 20 mM Tris pH 7.5, 200 mM NaCl and then eluted twice with 5% SDS at 95°C for 10 min.

Sample preparation for mass spectrometry

The eluates from the immunoprecipitation were subjected to methanol/chloroform precipitation to extract
proteins, and the resulting pellets were dissolved in 4M urea and 0.5% ProteaseMax (Promega) in 50 mM
ammonium bicarbonate. After reduction using 5 mM TCEP at 55°C for 20 min in thermo-shaker, samples
were alkylated using 10 mM chloroacetamide for 20 min at RT in the dark. After dilution with 50 MM ammo-
nium bicarbonate such that urea becomes ~2M, trypsin (Promega) 0.5 ng was added and samples were
incubated at 37°C for 3 h in thermo-shaker. The tryptic peptides were acidified using formic acid (final
5%), centrifuged at 21K xg for 10 min, and the supernatants were loaded onto C18 precolumn (250 um
x 2 cm capillary filled with Jupiter 4 um, 90 A, Phenomenex).

Liquid chromatography-mass spectrometry (LC-MS/MS)

Analysis was performed on Orbitrap Velos Pro mass spectrometer using Xcalibur coupled with an Agilent
1200 G1311 Quaternary HPLC system. In detail, peptides were eluted and separated using an analytical col-
umn (100 pm X 15 cm, capillary filled with Jupiter 4 pm, 90 A, Phenomenex), using a 10 min buffer gradient
ranging from 0 to 10% buffer B, followed by a 139 min gradient from 10 to 50% buffer B and 10 min gradient
from 50 to 100% buffer B at a flow rate of 250 pL per min utilizing a 1% 1000 split flow (buffer A: 0.1% formic
acid, 5% acetonitrile; buffer B: 0.1% formic acid, 80% acetonitrile). Data-dependent FTMS acquisition was in
positive ion mode for 3 h. A full scan (300-2000m/z) was performed with a resolution of 60,000 followed by
top 10 CID-MS2 ion trap scans. Dynamic exclusion was set for 20 s.

Bioinformatic analysis and visualization

MS2 spectral data were extracted from the .raw files using RawConverter (He et al., 2015) and searched with
IP2 using ProLuCID search engine (Xu et al., 2015) against the human UniProtKB/SwissProt reviewed data-
base (http://www.uniprot.org/, version 2016-05-05). Trypsin was selected as the enzyme and a maximum of
2 missed cleavages were permitted, precursor mass tolerance at 50 ppm and fragment mass tolerance at
600 ppm. Carbamidomethylation of cysteine was defined as a static modification. For DTASelect 2.0 (Co-
ciorva et al., 2006; Tabb et al., 2002), following parameters were applied: -p 1 (one peptide per protein) -y 1
(semitryptic) —pfp 0.01 (protein-level FDR < 1%) -DM 10 (cut-off for precursor mass shift in ppm). The mass
spectrometry data have been deposited to the ProteomeXchange consortium (PXD015555) through the
partner repository MassIVE (MSV000084371). Significance Analysis of INTeractome (SAINT, v2.0) was
used as a statistical tool to determine high-confidence interactions from our data, and spectral counts
were used for scoring. Control runs using normal IgG (3 biological replicates) were used as controls, and
the proteins with FDR < 0.05 in SAINT analysis were determined as significant interactors. String (v11)
(Szklarczyk et al., 2019) was used for network analysis, with Experiments and Databases selected as evi-
dence for the interaction. Interaction data were downloaded and used for visualization in Cytoscape (Shan-
non et al., 2003). Normalized spectral abundance factors (NSAF) were retrieved from the IP2 results, which
equals (the spectral count divided by the length of the protein)/[sum of all (the spectral count divided by the
length of the protein) in the run]. Gene ontology enrichment analysis was performed in g: profiler using
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g:SCS threshold for multiple testing correction. REVIGO was run with allowed similarity 0.5 and Homo sa-
piens as the database.

Proximity ligation assay (PLA)

Cells were plated on cover glass-bottomed dish with the density of 30,000 cells/cm?. Two days later, cells
were fixed with 4% paraformaldehyde in PBS for 15 min at RT and washed with PBS for three times. After
permeabilization with 0.5% Triton X-100 in PBS (15 min at RT), cells were washed with PBS and subjected to
PLA using Duolink™ PLA Technology (Sigma, DUO92101). After blocking for 1 h at 37°C, primary antibodies
at 4 pg/ml [anti-LIN28A (Santa Cruz sc-374460), anti-EIF3D (Proteintech 10219-1-AP), anti-DDX17 (Protein-
tech 19910-1-AP), anti-LIN28B (Proteintech 24017-1-AP), anti-EFTUD2 (Proteintech 10208-1-AP), mouse
IgG2a (Santa Cruz sc-3878), rabbit IgG (R&D Systems AB105C)] were incubated o/n at 4°C, followed by
washing with Wash A for 5 min twice at RT and Plus/Minus Probe incubation for 1 h at 37°C. After ligation
for 30 min and two washes in Wash A, amplification for 90 min at 37°C, two washes of Wash B for 10 min
each, and Wash B 0.01X for 1 min followed at RT. Samples were stored in Duolink™ In Situ Mounting Me-
dium with DAPI (Sigma DUO82040) and imaged with Z-stacks using confocal microscopy (LSM 710) at 100 x
magnification. PLA-positive spots per image were counted by Object Counter 3D in ImageJ and divided by
the cell number.

Immunofluorescence

Cell were transfected with plasmids (pAAV-EWB-iRFP670 or pAAV-EWB-LIN28A and pAAV-EWB-mEmer-
ald for co-transfection marker) using Lipofectamine3000 in Opti-MEM following the manufacturer’s proto-
col. Next day, 0.3 mM NaAsO, (sodium arsenite) was treated for 30 min to induce oxidative stress. After
washing with PBS twice, cells were fixed with 4% paraformaldehyde in PBS at RT for 10 min. After washing
with PBS three times, cells were permeabilized with 0.5% Triton X-100 in PBS for 15 min at RT, followed by
blocking in 3% BSA in 0.1% Triton X-100 for 30 min at RT. Primary antibody was treated at 4°C o/n (anti-
G3BP1 1:1000, anti-EIF3D 1:40, anti-LIN28A 1:320, anti-SF3B3 1:150, anti-EFTUD2 1:100). Cells were
washed twice with PBT (0.2% TX-100 in PBS) for 15min at RT with gentle shaking and then treated with fluo-
rescent dye-conjugated secondary antibodies (1:500) in blocking solution for 2h at RT. Cells were rinsed
twice with PBT and then incubated in PBT with gentle shaking for 15 min. After washing with PBS twice
for 15 min, samples were mounted with ProLong Diamond with DAPI. Images were analyzed using ImageJ
software. SG positive cells were determined by cells with at least two G3BP1-positive granules.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details of each experiments can be found in the method details or figure legends.

Significance Analysis of INTeractome (SAINT, v2.0) was used as a statistical tool to determine high-confi-
dence interactions from IP-MS data. Statistical comparisons of data from immunofluorescence or PLA
were performed using GraphPad Prism software v9.1, and the data are represented as mean + standard
error mean (SEM) (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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