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Abstract 31 

RNA-protein interactions are crucial for regulating gene expression and cellular functions, with 32 
their dysregulation potentially impacting disease progression. Systematically mapping these 33 
interactions is resource-intensive due to the vast number of potential RNA and protein 34 
interactions. Here, we introduce PRIM-seq (Protein-RNA Interaction Mapping by sequencing), a 35 
method for the concurrent de novo identification of RNA-binding proteins (RBPs) and the 36 
elucidation of their associated RNAs. PRIM-seq works by converting each RNA-protein pair into 37 
a unique chimeric DNA sequence, which is then decoded through DNA sequencing. Applied to 38 
two human cell types, PRIM-seq generated a comprehensive human RNA-protein association 39 
network (HuRPA), consisting of more than 350,000 RNA-proteins pairs involving approximately 40 
7,000 RNAs and 11,000 proteins. The data revealed an enrichment of previously reported RBPs 41 
and RNA-protein interactions within HuRPA. We also identified LINC00339 as a protein-42 
associating non-coding RNA and PHGDH as an RNA-associating protein. Notably, PHGDH 43 
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interacts with BECN1 and ATF4 mRNAs, suppressing their protein expression and consequently 44 
inhibiting autophagy, apoptosis, and neurite outgrowth while promoting cell proliferation. PRIM-45 
seq offers a powerful tool for discovering RBPs and RNA-protein associations, contributing to 46 
more comprehensive functional genome annotations. 47 

Introduction 48 
RNA-protein associations are fundamental to the intricate and dynamic processes of cellular life. 49 
These interactions underpin a multitude of biological functions, from gene expression regulation 50 
to the maintenance of cellular structure. At the molecular level, the interplay between RNA and 51 
proteins orchestrates the synthesis, processing, and regulation of RNA molecules, influencing 52 
almost every aspect of cellular physiology 1–4. 53 

One of the most critical roles of RNA-protein associations is in the regulation of gene expression. 54 
RNA-binding proteins (RBPs) interact with various RNA species to control their stability, 55 
localization, and translation 5–9. These interactions can dictate the fate of an RNA molecule, 56 
determining whether it is translated into a protein, degraded, or sequestered in specific cellular 57 
compartments 10. Beyond gene expression, RNA-protein associations play a significant role in 58 
maintaining RNA structure and integrity, preventing misfolding or aggregation 11,12. Furthermore, 59 
RNA-protein associations are crucial in RNA transport, splicing, and editing, highlighting their 60 
versatile roles in post-transcriptional regulation 13,14. Dysregulation of RNA-protein associations is 61 
often associated with diseases, including cancer, neurodegenerative disorders, and viral 62 
infections, making them a focal point for therapeutic interventions 15–17. 63 

Significant advances in identifying RNA-protein associations are made via two technical routes, 64 
including characterization of proteins bound to an RNA of interest (RNA-centric), and examination 65 
of RNAs bound to a protein of interest (protein-centric) 18. RNA-centric approaches involve the 66 
purification of specific RNAs followed by the identification of co-purified proteins 2,4,19, including 67 
RNA interactome capture (RIC) 20, click chemistry-assisted RBA interactome capture (CARIC) 21, 68 
RNA interactome using click chemistry (RICK) 22, RNA affinity purification (RAP) 23, tandem RNA 69 
isolation procedure (TRIP) 23,24, peptide-nucleic-acid-assisted identification of RNA-binding 70 
proteins (PAIR) 25, and MS2 in vivo biotin-tagged RAP (MS2-BioTRAP) 26, and RNA-protein 71 
interaction detection (RaPID) 27. Furthermore, proximity labeling technologies attach a labeling 72 
enzyme to the RNA of interest and capture the RBPs in the vicinity 28–30. Additionally, CRISPR-73 
based RNA-United Interacting System (CRUIS) 31, CRISPR-based RNA proximity proteomics 74 
(CBRPP)  32, and in-cell protein-RNA interaction (incPRINT) leverages the RNA CRISPR system 75 
to label the proteins associated with the RNA of interest 20. 76 

Protein-centric approaches purify a specific RBP and identify the co-purified RNAs, including 77 
RNA-co-immunoprecipitation followed by sequencing (RIP-seq) 33, and crosslinking and 78 
immunoprecipitation followed by sequencing (CLIP-seq) 34, as well as variations of CLIP-seq 79 
including PAR-CLIP 35, individual-nucleotide resolution UV crosslinking and immunoprecipitation 80 
(iCLIP) 36, high-throughput sequencing of RNA isolated by crosslinking immunoprecipitation 81 
(HITS-CLIP) 37, enhanced CLIP (eCLIP) 38,39, BrdU-CLIP 40, infrared-CLIP (irCLIP) 41, Fusion-CLIP 82 
42, GoldCLIP 43, and esayCLIP 44. Additionally, targets of RNA-binding proteins identified by editing 83 
(TRIBE) 45, HyperTRIBE 46, and targets of RBPs identified by editing induced through dimerization 84 
(TRIBE-ID) 47, fuse the RNA-editing enzyme ADAR with the RBP of interest to define RNA targets 85 
by RNA editing events. 86 

Despite significant advances, identifying the entire network of RNA-protein associations remains 87 
a formidable challenge. The human genome comprises approximately 60,000 annotated genes, 88 
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with around 30,000 protein-coding and 30,000 non-coding genes. Generating a comprehensive 89 
pairwise RNA-protein interaction map is daunting due to the vast number of potential interactions, 90 
estimated at 60,000 × 30,000 candidate pairs, not even accounting for splicing variants. Existing 91 
technologies are limited in capacity, typically focusing on one RNA or RBP at a time and operating 92 
on a "one-to-many" mapping scale. In response to this limitation, we propose a "many-to-many" 93 
mapping strategy with PRIM-seq (Protein-RNA Interaction Mapping by sequencing), which 94 
concurrently identifies RNA-associating proteins and their associated RNAs at the genome scale. 95 
PRIM-seq does not require specific reagents to target individual proteins or RNAs, allowing for 96 
the de novo identification of RNA-protein associations. 97 

Results 98 

The PRIM-seq technology 99 

The fundamental concept behind PRIM-seq is to transform each RNA-protein association into a 100 
chimeric DNA sequence, where a part of this chimeric sequence reflects the protein and the other 101 
part of this chimeric sequence reflects the associated RNA. These chimeric DNA sequences are 102 
sequenced by high-throughput sequencing and used for decoding the RNA-protein associations. 103 
These chimeric sequences are created by two steps. First, a protein library is created where each 104 
protein is conjugated with its own mRNA (Figure 1a, Figure S1a) 48. Second, mRNA is converted 105 
to cDNA, creating a library of cDNA-labeled proteins. These proteins are allowed to interact with 106 
the transcriptome retrieved from the cells of interest. Protein-associated RNA is ligated with the 107 
cDNA of the associating protein, creating a cDNA-RNA chimeric sequence. These cDNA-RNA 108 
chimeric sequences are converted to DNA sequences for sequencing (Figure 1b).    109 

PRIM-seq comprises two experimental modules and a bioinformatics module. The first 110 
experimental module utilizes the recently developed SMART-display technology, which labels 111 
tens of thousands of proteins with their own mRNA to generate a library of RNA-labeled proteins 112 
48  (Figure 1a). Briefly, SMART-display extracts mRNAs from input cells, removes the polyA tails, 113 
appends a puromycin-conjugated linker to the 3’ ends of these mRNAs, and translates the 114 
mRNAs to yield proteins that are covalently linked with the mRNAs (mRNA-linker-protein) 48. A 115 
key advantage of SMART-display is its capability to create the entire library of mRNA-labeled 116 
proteins in a one-pot procedure, eliminating the need for RNA-, gene-, or protein-specific 117 
reactions. 118 

The second experimental module is called REILIS (Reverse transcription, Incubation, Ligation, 119 
and Sequencing). REILIS transforms each RNA-protein pair into a chimeric sequence that 120 
includes an “RNA-end read” and a “protein-end read” representing the associating RNA and 121 
protein, respectively (Figure 1b, Figure 2, Figure S1). REILIS takes two inputs: a library of mRNA-122 
labeled proteins generated by SMART-display and an RNA library. REILIS converts each 123 
protein’s mRNA label into a cDNA label (Figure 2a,b), incubates the protein library with an RNA 124 
library to allow for RNA-protein association (Figure 2c), ligates the RNA and the cDNA label of 125 
each RNA-protein pair into a chimeric sequence to form an RNA-linker-cDNA structure (Figure 126 
2d), and subjects this chimeric sequence to paired-end sequencing (Figure 2e-i, Figure S1). The 127 
cDNA fraction of this chimeric sequence reflects the protein (protein-end) and the RNA fraction 128 
reflects the associated RNA (RNA-end, Figure 2i). We note that REILIS is designed to capture 129 
RNA-protein pairs from RNA-protein complexes, which are crosslinked by formaldehyde; 130 
therefore, REILIS (and PRIM-seq) is not intended exclusively for detecting direct protein-RNA 131 
binding. 132 
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The bioinformatics module resolves the RNA-protein pairs from the chimeric sequences (Figure 133 
1c). This module performs three main functions. First, it identifies the gene pair mapped with the 134 
two reads of a read pair. Second, it determines the protein-end and the RNA-end. Our 135 
experimental design ensures that any sequencing read from the 5’ end is either the sense strand 136 
of the RNA or the antisense strand of the cDNA (Figure S2a). Leveraging this fact, the 137 
bioinformatics module assigns the read mapped to the sense strand as the RNA-end and the read 138 
mapped to the antisense strand as the protein-end. Read pairs where both reads are mapped to 139 
the sense or the antisense strand are excluded from downstream analysis. The retained read 140 
pairs are termed “chimeric read pairs.” 141 

The third function of the bioinformatics module is to identify associating RNA-protein pairs using 142 
statistical tests. The input for these tests is the set of “chimeric read pairs.” The null hypothesis 143 
for each gene pair is that the presence of reads originating from one gene is independent of the 144 
presence of reads originating from the other gene. A Chi-square test is performed for each gene 145 
pair (Figure S2b), and Bonferroni-Hochberg (BH) correction is applied to account for multiple 146 
hypothesis testing 49. An RNA-protein pair is identified when the BH-corrected p-value is less than 147 
0.05 and the number of read pairs mapped to this gene pair is at least four times the expected 148 
number of read pairs (number of read pairs > 4X, where X is the expected number of read pairs). 149 
We have implemented these data processing and statistical analyses into an open-source 150 
software package called PRIMseqTools (Figure S2c), which is available at PRIMseqTools GitHub 151 
repository. 152 

A human RNA-protein association network (HuRPA) 153 

To derive an RNA-protein association network from human cells, we generated PRIM-seq 154 
libraries from human embryonic kidney cells (HEK293T) and human lymphoblast cells (K562) 155 
(Table S1). Comparison of biological replicate libraries within HEK293T and K562 revealed 156 
significant overlaps between replicate libraries (odds ratio > 2241.3, p-value < 1e-323, Chi-square 157 
test, Figure S3). Furthermore, the overlaps increased as the threshold for calling RNA-protein 158 
associations was raised (Figure S3), indicating good reproducibility of these replicate libraries. 159 

We merged the sequencing data from all the PRIM-seq libraries into a single PRIM-seq dataset. 160 
Applying PRIMseqTools to this dataset revealed 365,094 RNA-protein associations (BH-161 
corrected p-value < 0.05 and number of read pairs > 4X), involving 11,311 proteins and 7,248 162 
RNAs (Figure 3a, Figure S4a,b). We call this network the Human RNA-Protein Association 163 
Network (HuRPA), and refer to its involved proteins and RNAs as HuRPA proteins and HuRPA 164 
RNAs. We developed a web interface to query, visualize, and download HuRPA 165 
(https://genemo.ucsd.edu/prim). 166 

We tested whether the HuRPA proteins are enriched with any Gene Ontology (GO) annotations 167 
50. “RNA processing” (GO:0006396), “cytoplasmic stress granule” (GO:0010494), and 168 
“Translation factor activity, RNA binding” (GO:0008135) emerged as the most enriched BP, CC, 169 
and MF terms, respectively (FDR = 2.99e-22, 2.09e-6, and 7.99e-7, Fisher’s exact test) (Figure 170 
3b, Figure S5). The “RNA processing” associated HuRPA proteins included RNA splicing factors, 171 
RNA metabolism proteins, RNA processing factors, RNA methyltransferases, ribosomal proteins, 172 
and RNA helicases (Figure S5c). “Cytoplasmic stress granules” are condensates of proteins and 173 
RNAs (Figure S5d,e) (Protter and Parker 2016). These data highlight RNA-protein association as 174 
the most prominent characteristic of HuRPA among all functional annotations. 175 

We compared HuRPA proteins with database-documented RBPs. We compiled RBPs from six 176 
databases: RBP2GO 51, RBPDB 52, ATtRACT 53, hRBPome 54, RBPbase 55, and starBase 56,  177 
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resulting in 2,311 database-documented RBPs (Figure S4c). Most of these (2,137, 92.5%) are 178 
HuRPA proteins, representing 18.9% of the 11,311 HuRPA proteins and suggesting a significant 179 
overlap (odds ratio = 17.0, p-value = 3.e-108, Chi-square test, Figure 3c). Thus, HuRPA recovers 180 
most database-documented RBPs. 181 

We explored whether any HuRPA proteins outside the database-documented RBPs 182 
(Undatabased HuRPA proteins) have been detected as candidate RBPs by recent technologies. 183 
Among the 9,174 Undatabased HuRPA proteins, 764 were captured by peptide cross-linking and 184 
affinity purification (pCLAP) (Mullari et al. 2017) (odds ratio = 8.1, p-value = 3.1e-89, Chi-square 185 
test) and 129 by RBDmap (Castello et al. 2016) (odds ratio = 18.2, p-value = 1.1e-66, Chi-square 186 
test), revealing enrichments of the Undatabased HuRPA proteins in the candidate RBPs detected 187 
by recent technology (Figure S4d, Table S2). These data corroborate the idea that PRIM-seq can 188 
detect previously uncharacterized RBPs. 189 

We compared database-documented RNA-protein association (RPA) pairs with HuRPA’s RNA-190 
protein association pairs (HuRPA RPAs). Using the RPAs documented in the RNAInter database 191 
57 as the reference set, HuRPA RPAs exhibited significantly higher precision and recall than 192 
randomly sampled RPAs (Figure S6a). Furthermore, as we increased the read count threshold 193 
for calling RPA from the PRIM-seq data, the resulting subnetworks of HuRPA exhibited larger 194 
precision, i.e. a larger fraction of the subnetwork being RNAInter RPAs (Figure S6a). Changing 195 
the reference set to RPAs detected by iCLIP (iCLIP RPAs) or HITS-CLIP (HITS-CLIP RPAs) 196 
(Table S2) revealed similar outcomes, where HuRPA RPAs exhibited significantly higher 197 
precision and recall than randomly sampled RPAs (Figure S6b,c). These data suggest a 198 
consistency between HuRPA RPAs and previously identified RPAs. 199 

HuRPA exhibits a scale-free topology 58, where the number of proteins is negatively correlated 200 
with the number of their associated RNAs (Figure 3d), and conversely, the number of RNAs is 201 
inversely correlated with the number of their associated proteins (Figure 3e). We asked whether 202 
a HuRPA protein with more associated RNAs, i.e. a higher degree is more likely to be detected 203 
by other methods. Database-documented RBPs exhibited higher degrees in HuRPA than the 204 
other proteins (p-value = 1.4e-305, t-test, two-sided, Figure 3f). Furthermore, among the 205 
Undatabased HuRPA proteins, those detected by either pCLAP or RBDmap exhibited higher 206 
degrees in HuRPA than the remaining Undatabased HuRPA proteins (p-value = 4.8xe-10 for 207 
pCLAP, p-value = 1.1e-59 for RBDmap, t-test, two-sided, Figure S4e). Thus, the more associated 208 
RNAs a protein has in HuRPA, the more likely it is detected by another technology. 209 

Moreover, we obtained highly connected subnetworks of HuRPA by removing the HuRPA 210 
proteins with small degrees (i.e., small numbers of associated RNAs). As the degree threshold 211 
for removing proteins increased, the subnetworks exhibited higher precision and recall compared 212 
to RNAInter RPAs as the reference set (Figure S6d). Changing the reference set from RNAInter 213 
RPAs to iCLIP RPAs and HITS-CLIP RPAs led to similar results (Figure S6e,f). Thus, the HuRPA 214 
proteins with more associated RNAs are more likely detected by other methods. 215 

Enrichment of RNA binding domains and RBD-binding motifs in PRIM-seq reads 216 

When we designed PRIM-seq, we did not anticipate a strong correlation between PRIM-seq reads 217 
and the RNA-binding domains (RBDs) within proteins. Nevertheless, we compared PRIM-seq’s 218 
protein-end reads with the protein sequences. HuRPA includes 1,831 RBD-containing proteins, 219 
with a total of 3,702 RBDs. These RBDs represent 2.1% of the total length of the mature mRNAs 220 
of these RBD-containing proteins. Remarkably, 13.9% of the protein-end reads were mapped to 221 
these RBDs, indicating a significant enrichment of PRIM-seq protein-end reads originating from 222 
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RBDs (p-value = 4.1e-272, binomial test, one-sided, Figure S7a). For example, the 223 
Heterogeneous nuclear ribonucleoprotein R (HNRNPR) has four RBDs, which align with regions 224 
of abundant protein-end reads (Figure S7b). 225 

HuRPA proteins contain seven classes of RBDs: RNA-Recognition Motifs (RRMs), 226 
PseudoUridine synthase and Archaeosine transglycosylase (PUA) domains, Like Sm (LSm) 227 
domains, K Homology (KH) domains, Cold-shock Domains (CSDs), DEAD domains, and 228 
ribosomal protein-S1-like (S1) domains 52 (Table S3). Each RBD class showed enrichment in 229 
PRIM-seq’s protein-end reads (largest p-value = 8.0e-18, binomial test, one-sided, Figure S7c,d, 230 
Table S3). 231 

RNA sequences bound by an RBD often exhibit conserved sequence patterns, known as RBD-232 
binding motifs  59. We focused on RRMs for subsequent analysis, as RRM is the largest RBD 233 
class and the most enriched with protein-end reads (p-value = 8.6e-319, binomial test, one-sided). 234 
We retrieved the RNA-end reads that paired with the RRM-mapped protein-end reads. De novo 235 
motif finding revealed 13 RNA sequence motifs (motif length = 10, BH-corrected p-value < 0.05), 236 
three of which matched previously reported RNA-recognition sequences for RRM 53 (Figure S7e). 237 
These data suggest that PRIM-seq’s protein-end and RNA-end reads are enriched with RBDs 238 
and RBD-binding motifs, respectively. 239 

Experimental validation of RNA-protein associations 240 

We set out to validate previously uncharacterized RNA-protein associations (RPAs) in HuRPA, 241 
beginning with the long intergenic noncoding RNA (lincRNA) LINC00339. LINC00339 is the 242 
HuRPA RNA with the largest number of associated proteins, making it the largest RNA hub 243 
(Figure 3e,g). Notably, LINC00339 has no previously reported interacting proteins. It is expressed 244 
in most human tissues and is associated with tumorigenesis and progression of various cancers 245 
6061. Given LINC00339's wide distribution across most subcellular compartments, including the 246 
cell membrane 62, we selected 15 LINC00339-associated proteins from HuRPA for validation, 247 
representing diverse subcellular compartments (green nodes in Figure 3g, Table S4). 248 

We used the RNA-proximity ligation assay (RNA-PLA) for validation 63. RNA-PLA detects specific 249 
RNA-protein interactions by using an RNA probe targeting the specific RNA and an antibody 250 
recognizing the associated protein (Figure 3h). As a sanity check, we reproduced the contrast of 251 
RNA-PLA signals between the U1 snRNA-Smith protein complex and the Smith antibody-only 252 
control 64 in HEK293T cells (Figure S8).  253 

We applied RNA-PLA to the 15 selected RNA-protein pairs: LINC0039 with IGF1R, IGF2R, 254 
CHRNA3, INSR, TYRO3, CD71, IL6ST, IL10RB, FGFR1, FGFR3, IFNAR1, IFNAR2, IFNGR1, 255 
PVR, and TNFRSF21 (Figure 3i, Figure S9a, Table S4). We included four sets of controls: 256 
antibody-only controls (RNA probe not added); four RNA-protein pairs not included in HuRPA 257 
(LINC0039-CD40, LINC0039-CD32, LINC0039-LTBR, and LINC0039-green fluorescent protein 258 
(GFP)); RNA probe-only control (antibody not added); and no-probe-no-antibody control (Figure 259 
3j, Figure S9b,c). The controls consistently exhibited few RNA-PLA foci (Figure 3j, Figure S9b,c), 260 
while each tested RNA-protein pair showed significantly more RNA-PLA foci per cell than the 261 
controls (smallest p-value = 1.1e-14 for IFNAR1, largest p-value = 0.044 for FGFR3, t-test, two-262 
sided, Figure 3k, Figure S9). For example, the LINC0039-IGF2R pair exhibited an average of 16.3 263 
RNA-PLA foci per cell, which is 69-fold higher than the antibody-only control (p-value = 4.5e-14, 264 
t-test, two-sided) (Figure 3i-k). These data suggest that previously uncharacterized RNA-protein 265 
associations in HuRPA can be validated using alternative methods. 266 
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Phosphoglycerate dehydrogenase (PHGDH) as an RNA-associating protein  267 

We proceeded to test an Undatabased HuRPA protein that has not been documented in any RBP 268 
database 5256545351. We chose Phosphoglycerate dehydrogenase (PHGDH) for validation, as it is 269 
an Undatabased HuRPA protein and a hub protein associated with a large number of RNAs 270 
(Figure 3d, Figure 4a, Figure S10a). Additionally, PHGDH appears to have conflicting roles 271 
compared to its known function as an enzyme in the serine synthesis pathway 65 in some neural 272 
systems 66, suggesting the possibility of an uncharacterized function. 273 

Consistent with PRIM-seq data, a proteome-wide RNA-binding domain (RBD) screening by 274 
peptide-mass spectrometry (RBDmap) reported two candidate RBDs within the PHGDH protein 275 
(Castello et al (2016) (RBD1 and RBD2, Figure 4b). Importantly, more than 60% of PRIM-seq’s 276 
protein-end reads mapped to PHGDH formed a peak (36,210 in-peak reads / 59,986 total reads), 277 
pinpointing RBD1 (AA 22-33) (p-value = 2.6e-214, binomial test, one-sided, Figure 4b). This data 278 
highlights the consistency between PRIM-seq, a DNA-sequencing-based technology, and 279 
RBDmap, a peptide-mass spectrometry-based technology. 280 

To further test if PHGDH is an RNA-associating protein, we performed RNA immunoprecipitation 281 
followed by sequencing (RIP-seq) on PHGDH with IgG as the control in HEK293T cells in two 282 
biological replicates (Table S5). The RIP-seq data revealed 107 PHGDH-associated RNAs, 54 of 283 
which overlapped with PHGDH-associated RNAs in HuRPA, showing a strong enrichment (odds 284 
ratio = 42.3, p-value = 4.1e-72, Fisher’s exact test, Figure 4c, Figure S10b). Moreover, as we 285 
increased the threshold for calling PHGDH-associated RNAs from RIP-seq, the degree of overlap 286 
with PHGDH-associated RNAs in HuRPA, indicated by the odds ratio, also increased (Figure 287 
S10c). Conversely, PHGDH-associated RNAs with higher read counts in HuRPA were more often 288 
detected by RIP-seq (p-value = 0.034, t-test, two-sided, Figure S10d). These RIP-seq data 289 
corroborate PHGDH’s RNA association ability and validate a subset of PHGDH-associated RNAs 290 
identified by PRIM-seq. 291 

The mRNAs of Beclin-1 (BECN1) and Activating Transcription Factor 4 (ATF4) are among the 292 
PHGDH-associated RNAs in both HuRPA and the RIP-seq identified targets (Figure 4c, Figure 293 
S10b). Considering BECN1 and ATF4’s roles in regulating autophagy and apoptosis 67,686970, we 294 
specifically tested the association of these two mRNAs with PHGDH. RIP followed by quantitative 295 
PCR (RIP-qPCR) confirmed the co-precipitation of BECN1 mRNA (p-value = 0.018, t-test, two-296 
sided) and ATF4 mRNA with PHGDH (p-value = 1.2e-6 for ATF4, t-test, two-sided, Figure 4d). 297 
Additionally, we used RNA-PLA to test the ATF4 mRNA-PHGDH association. The ATF4 mRNA-298 
PHGDH pair exhibited 18-85 fold more PLA foci compared to the three controls lacking the RNA 299 
probe (p-value = 5.3e-7), the antibody (p-value = 3.0e-8), or both the RNA probe and the antibody 300 
(p-value = 8.6e-8, t-test, two-sided, Figure 4e, Figure S10e-h). This data further supports the 301 
association of PHGDH protein with BECN1 and ATF4 mRNAs. 302 

PHGDH regulates the protein levels of its associated mRNAs 303 

We tested whether PHGDH modulates either the mRNA or protein levels of BECN1 and ATF4. 304 
Two PHGDH-targeting siRNAs (si-1, si-2) reduced PHGDH levels by approximately 50% 305 
compared to a scrambled siRNA (Control) in HEK293T cells (p-value = 0.018 for si-1, p-value = 306 
0.014 for si-2, t-test, two-sided, Figure 4f,g), confirming effective knockdown of PHGDH. Neither 307 
siRNA altered the mRNA levels of BECN1 or ATF4 (p-values > 0.05 for both mRNAs, t-test, two-308 
sided, Figure4h,i). However, both siRNAs increased the protein levels of both BECN1 and ATF4 309 
(p-value < 0.0011 for BECN1, p-value < 0.0039 for ATF4, t-test, two-sided, Figure 4j-m). 310 
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The induction of BECN1 protein is expected to enhance autophagy and impair cell proliferation 311 
67,68. Consistent with these expectations, immunostaining analysis revealed increases in 312 
autophagosome formation in both PHGDH knockdowns compared to the scramble control in 313 
HEK293T cells (p-value = 4.1e-4 for si-1, p-value = 4.7e-4 for si-2, t-test, two-sided, Figure 314 
S11a,b). Furthermore, Bromodeoxyuridine (BrdU) incorporation decreased in both knockdowns, 315 
suggesting reduced cell proliferation (p-value = 3.8e-7 for si-1, p-value = 1.2e-4 for si-2, t-test, 316 
two-sided, Figure S11c,d). Additionally, in mouse neural stem cells (mNSCs), two PHGDH-317 
targeting siRNAs increased autophagosome levels (p-value = 3.8e-3 for si-1, p-value = 1.4e-3 for 318 
si-2, t-test, two-sided, Figure S12b,c) and reduced cell proliferation compared to the scramble 319 
control (p-value = 1.6e-2 for si-2, t-test, two-sided, Figure S12d,e), suggesting that these 320 
functional consequences are shared across several cell types and between humans and mice. 321 

The induction of ATF4 protein is expected to promote apoptosis and neurite outgrowth 6970. 322 
Immunostaining analysis revealed increased activated Caspase-3 (aCaspase3), an apoptosis 323 
marker, in both knockdowns compared to the scramble control in HEK293T cells (p-value = 2.1e-324 
6 for si-1, p-value = 9.7e-4 for si-2, t-test, two-sided, Figure S11e,f) and also in mESCs (p-value 325 
= 0.031 for si-1, p-value = 0.0099 for si-2, t-test, two-sided, Figure S12f,g). Furthermore, Sholl 326 
analysis of the morphology of mNSCs revealed longer dendrites and more dendritic crossings 327 
in the knockdowns compared to the scramble control (p-value = 0.018 for si-1, p-value = 0.0071 328 
for si-2, Kolmogorov–Smirnov test, two-sided, Figure S12h-j). Thus, reducing PHGDH promotes 329 
apoptosis in both cell types and neurite outgrowth in mNSCs. 330 

To determine whether these protein level changes of BECN1 and ATF4 can be attributed to 331 
PHGDH’s enzymatic function, we overexpressed wild-type (WT) PHGDH and an enzymatically-332 
dead (ED) variant of PHGDH in HEK293T cells (Figure 4n,o). The ED variant abolishes PHGDH’s 333 
enzymatic function with an R236Q mutation on the active site 71. Overexpression of both WT and 334 
ED PHGDH reduced the protein levels of BECN1 and ATF4 (p-value < 0.011 for BECN1, p-value 335 
< 0.014 for ATF4, t-test, two-sided, Figure 4r-u) without discernible changes in their mRNA levels 336 
(p-values > 0.05 for both BECN1 and ATF4, t-test, two-sided, Figure 4p,q). These overexpression 337 
data corroborate PHGDH’s suppressive roles in BECN1 and ATF4 protein expression and 338 
suggest this role is independent of PHGDH’s enzymatic function. Taken together, these examples 339 
highlight PRIM-seq’s ability to unveil uncharacterized RNA-protein associations. 340 

Discussion 341 

The advent of PRIM-seq (Protein-RNA Interaction Mapping by sequencing) represents a 342 
transformative step in the study of RNA-protein associations. By allowing for the high-throughput 343 
identification of RNA-associating proteins and their associated RNAs, PRIM-seq addresses the 344 
limitations of existing methodologies that often require specific reagents and are constrained by 345 
a one-to-many mapping approach. Our study demonstrates the efficacy of PRIM-seq through the 346 
construction of the human RNA-protein association network (HuRPA), which encompasses 7,248 347 
RNAs, 11,311 proteins, and 365,094 RNA-protein pairs, significantly expanding the known 348 
landscape of these associations. 349 

A compelling aspect of PRIM-seq is its ability to perform genome-wide mapping without prior 350 
knowledge of specific RNA or protein targets. This capability is particularly valuable given the 351 
sheer number of potential RNA-protein pairs within the human genome, estimated to involve 352 
approximately 60,000 coding and 30,000 noncoding genes. By converting RNA-protein 353 
associations into unique chimeric DNA sequences for high-throughput sequencing, PRIM-seq 354 
efficiently deciphers these complex networks at an unprecedented scale. 355 
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The HuRPA network revealed by PRIM-seq exhibits a scale-free topology, characterized by a few 356 
hub proteins interacting with many RNAs and a larger number of proteins with fewer RNA 357 
partners. This finding is consistent with known architecture of other biological networks. The 358 
significant overlap of HuRPA proteins with database-documented RBPs supports the reliability of 359 
our approach. Interestingly, database-documented RBPs are even more enriched in the hub 360 
proteins of the HuRPA network, suggesting the proteins with more RNA partners are more likely 361 
revealed by multiple experimental techniques.  362 

Our experimental validations further underscore the robustness and utility of PRIM-seq. We 363 
identified LINC00339 as a non-coding RNA with extensive protein associations and validated its 364 
interactions using RNA-proximity ligation assay (RNA-PLA). This non-coding RNA's association 365 
with diverse proteins, many of which are implicated in various cellular compartments and 366 
processes, suggests a broad regulatory role that warrants further investigation. Additionally, the 367 
identification of PHGDH as an RNA-associating protein that modulates the protein levels of 368 
BECN1 and ATF4 illustrates the functional impact of these interactions. The suppression of 369 
BECN1 and ATF4 protein expression by PHGDH reveals a novel regulatory mechanism 370 
influencing autophagy, apoptosis, and cell proliferation. 371 

Notably, while PRIM-seq is designed to capture RNA-protein complexes rather than direct binding 372 
events, the enrichment of RNA-binding domains (RBDs) in the protein-end reads and RNA-373 
recognition motifs in the RNA-end reads suggests that many of the detected interactions may 374 
indeed involve direct binding. In conclusion, PRIM-seq offers a powerful and scalable solution for 375 
the comprehensive mapping of RNA-protein associations. The extensive HuRPA network and the 376 
newly validated associations demonstrate the potential of PRIM-seq to advance our 377 
understanding of RNA biology and its regulatory mechanisms.  378 

Online Methods 379 

Cell culture 380 

HEK293T (ATCC, CRL3216) cells were cultured in Dulbecco's modified Eagle medium (DMEM; 381 
Gibco™, 11960044) supplemented with 10% fetal bovine serum (FBS) (Gemini, 100-500), 2 mM 382 
Glutamax (Gibco™, 35050061), and 5,000 U/ml penicillin/streptomycin (Gibco™, 15070063), at 383 
37°C with 5 % CO2. K562 (ATCC, CCL-243) cells were cultured in Iscove's Modified Dulbecco's 384 
Medium (IMDM) (ATCC, 30-2005) supplement with 10% fetal bovine serum (FBS) (Gemini, 100-385 
500), at 37°C with 5 % CO2.  386 

Mouse neural stem cells (mNSCs) were collected from the fetal forebrains of a mouse (C57BL/6J, 387 
JAX Lab, Strain #:000664, RRID:IMSR_JAX:000664) embryo at Day 16. The brain was crosscut 388 
followed by a trypsin digestion (Gibco™, 25200056) and a cell strainer (70 µm Nylon) filtration 389 
(PlutiSelect, 43-50070-51) to obtain single cells. The mNSC basal medium including DMEM/F12 390 
(Gibco™, 11320033) with 1% L-glutamine (Corning®, 10-090-CV), 2% B27 without VA (Gibco™, 391 
12587010), and 1% penicillin/streptomycin (5000 U/ml, Gibco™, 15070063) was used to culture 392 
mNSCs in the presence of 20 pg/µL epidermal growth factor (EGF; PeproTech, 100-15) and basic 393 
fibroblast growth factor-2 (FGF-2; PeproTech, 100-18B-B). Cell densities were checked every 394 
day. If the cell density was high, a subculture was performed; if not, the medium was changed by 395 
replacing half of the overnight medium to a fresh medium. During subculture, cells were collected 396 
from a 6 cm dish into a 15 mL tube. The cell culture was centrifuged at 1.5k rpm for 2 minutes. 397 
The supernatant was discarded, and cells were resuspended using 140 μL of NSC basal medium 398 
with growth factors. Approximately 110 μL of the cell suspension was discarded, and the rest of 399 
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the cell suspension was dispersed in 4 mL of NSC basal medium with growth factors into a new 400 
6 cm dish. 401 
 402 
PRIM-seq 403 

Preparation of the linker  404 

The linker is a critical reagent. It is designed for efficient ligations with the RNA on one end and 405 
with the protein’s cDNA label on the other end, to create a RNA-linker-cDNA structure. The linker 406 
is composed of a top strand oligo (5’-407 
/Phos/TGACCAATGGCGCCGGGCCTTTCTTTATGTTTTTGGCGTCTTGG-3’, IDT) and a 408 
biotinylated bottom strand oligo (5’-409 
/Phos/TGACCAAGACGCCAAAAACA/iBiodT/AAAGAAAGGCCCGGCGCCATTGG-3’, IDT). The 410 
two strands were separately dissolved in 200 μM with UltraPure™ DNase/RNase-Free distilled 411 
water (Thermo Scientific, 10977023). The bottom strand was adenylated with the 5´ DNA 412 
Adenylation Kit (NEB, E2610S) to create an “App-bottom-strand” (5’-413 
/App/TGACCAAGACGCCAAAAACA/iBiodT/AAAGAAAGGCCCGGCGCCATTGG-3’) and 414 
purified with Zymo ssRNA/DNA Clean & Concentrator Kit (Zymo Research, D7010).  415 

SMART-Display 416 

SMART-display was carried out as previously described to create a library of mRNA-labeled 417 
proteins 48.  418 

REILIS (Reverse transcription, Incubation, Ligation, and Sequencing) 419 

REILIS includes 3 steps. Overview of Step 1: The first step is the incubation of the SMART-420 
display protein library with an RNA library. In this step, displayed protein libraries are immobilized 421 
on streptavidin T1 beads, and their mRNA labels are reverse transcribed to double-stranded 422 
cDNA with a template-switching oligo (TSO) that contains a BbvCI restriction site. The TSO was 423 
digested with BbvCI. Next, RNA is extracted from input cells, ligated with the linker, and incubated 424 
with the protein library, allowing for RNA-protein interactions. The linker has a sticky end 425 
complementary to the BbvCI site on the TSO, poised for efficient ligation.  426 

Protein immobilization: 100 uL of Dynabeads MyOne Streptavidin T1 Beads (Invitrogen™, 65602) 427 
were prepared according to the manufacturer’s recommendations. The SMART-display proteins 428 
were incubated with the suspended beads for 1 hour with rotation at room temperature. Next, 50 429 
uM free biotin (Invitrogen, B20656) was incubated with the streptavidin beads for 10 mins to block 430 
the remaining binding sites. The beads were washed three times with 1x PBS pH 7.4 (Gibco™, 431 
70011044) with 0.1% Triton X-100 (Sigma-Aldrich, T8787-50ML).  432 

Conversion of protein’s mRNA label to cDNA: 50 μL of first-strand synthesis mix was created with 433 
500 U of SuperScript II Reverse Transcriptase (Thermo Scientific, 18064014), 1x SuperScript II 434 
FS Buffer (Thermo Scientific, 18064014), 5 mM DTT (Thermo Fisher Scientific, P2325), 1 uM 435 
dNTP mix (NEB, N0447S), 1 M Betaine (Sigma-Aldrich, 61962), 6 mM MgCl2 (Thermo Scientific, 436 
R0971), 500 pmol of End Capture TSO (5’-/dSp/AGT AAA GGA GAC CTC AGC TTC ACT GGA 437 
rGrGrG-3’, IDT), and 40 U of SUPERase• In™ RNase Inhibitor (Invitrogen™, AM2694). The mix 438 
was incubated with the protein-bound beads at 42°C for 50 minutes with agitation, and then cycled 439 
10 times at 50°C for 2 minutes followed by 42°C for 2 minutes. The beads were washed twice for 440 
5 minutes with 500 μL 1x PBS pH 7.4 (Gibco™, 70011044) with 0.1% Triton™ X-100 (Sigma-441 
Aldrich, T8787-50ML). To synthesize the second-strand cDNA, 100 μL of second-strand 442 
synthesis mix was created with 20 U DNA Polymerase I (NEB, M0209S), 1x NEBuffer 2 (NEB, 443 
M0209S), 2.4 mM DTT (Thermo Fisher Scientific, P2325), and 0.25 mM dNTP mix (NEB, 444 
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N0447S). The mix was incubated with the protein-bound beads at 37°C for 30 minutes with 445 
agitation. The beads were washed twice for 5 minutes with 500 μL 1x PBS pH 7.4 (Gibco™, 446 
70011044) with 0.1% Triton™ X-100 (Sigma-Aldrich, T8787-50ML).  447 

Ligation of RNA and linker: The total RNA was extracted from approximately 10 million input cells 448 
with TRIzol reagent (Invitrogen, 15596026) according to the manufacturer’s recommendations. 449 
The purified RNA was fragmented with the NEBNext® Magnesium RNA Fragmentation Module 450 
(NEB, E6150S) for 2 minutes at 94 °C and purified with RNeasy Mini Columns (Qiagen, 74104). 451 
200 pmols of RNA were end-repaired in a 200 μL reaction solution containing 100 U Quick CIP 452 
(NEB, M0525S) and 1x rCutSmart buffer (B6004S) at 37 °C for 1 hour and then purified with 453 
RNeasy Mini Columns (Qiagen, 74104). The end-repaired RNA was ligated with the adenylated 454 
bottom strand of the linker (App-bottom-strand) in 200 μL reaction mix, containing 400 pmols of 455 
App-bottom-strand, 200 pmols of RNA, 4,000 U T4 RNA Ligase 2, truncated KQ (NEB, M0373S), 456 
1x T4 RNA Ligase buffer (NEB, M0373S), and 15% PEG 8000 (NEB, M0373S), at 16 °C 457 
overnight. The ligation product (RNA-bottom_strand) was purified with RNeasy Mini Columns 458 
(Qiagen, 74104). The top strand of the linker was annealed with the RNA-bottom_strand by mixing 459 
the top strand and RNA-bottom_strand at 1:1 molar ratio in 1x Annealing buffer [10x: 100 mM 460 
Tris-HCI Buffer, pH 7.5 (Invitrogen, 15567027), 500 mM NaCl (Thermo Scientific, AM9759), 10 461 
mM EDTA pH 8.0 (Invitrogen™, AM9260G)], heating to 75°C for 5 minutes and cooling to 25°C 462 
at 0.1°C per second. This process creates a double-stranded linker with a sticky end that is 463 
complementary to the BbvCI restriction site on one side and with RNA ligated to its bottom strand 464 
on the other side (Figure S13).    465 

Incubation of RNA and proteins: The protein-bound beads were suspended in 200 μL of RNA 466 
Binding Buffer (10 mM HEPES (Thermo Fisher Scientific, BP299100), 50 mM KCl (Invitrogen™, 467 
AM9640G), 4 mM MgCl2  (Thermo Scientific, R0971), 4 mM DTT (Thermo Fisher Scientific, 468 
P2325), 0.2 mM EDTA pH 8.0 (Invitrogen™, AM9260G), 7.6% glycerol (Invitrogen, 15514011)). 469 
This mix is added with 2 μg linker-ligated RNA and incubated at room temperature with rotation 470 
for 1 hour. Another 800 μL of Binding Buffer was added to bring the volume to 1 mL. The mix was 471 
rotated for an additional 10 minutes at room temperature.  472 

Overview of Step 2: The second step ligates the protein’s cDNA label with the linker. This step 473 
crosslinks RNA-protein associations and applies stringent washes to remove non-complexed 474 
proteins or RNAs. The protein’s cDNA label is ligated with the linker via a sticky end ligation, 475 
creating a RNA-linker-cDNA structure. We note that the non-palindromic sticky end prevents self-476 
ligation.  477 

Crosslinking and washing: Crosslinking was performed at room temperature for 10 minutes at a 478 
final concentration of 1% formaldehyde (Thermo Fisher Scientific, 28906). The reaction was 479 
quenched with 125 mM glycine (Sigma-Aldrich, 67419-1ML-F) with rotation for 5 minutes. The 480 
beads were washed twice, each for 5 minutes with 500 μL Urea wash buffer [50 mM Tris-HCl pH 481 
7.5 (Invitrogen™,15567027), 1% NP-40 (Thermo Scientific™, 85124), 0.1% SDS (Invitrogen™, 482 
AM9820),  2 mM EDTA pH 8.0 (Invitrogen™, AM9260G), 1 M NaCl (Thermo Fisher Scientific, 483 
AM9759), 4 M Urea (Sigma-Aldrich, U5378-1KG)], Low Salt wash buffer [0.1% SDS (Invitrogen™, 484 
AM9820), 0.1% Triton X-100 (Sigma-Aldrich, T8787-50ML), 2 mM EDTA  pH 8.0 (Invitrogen™, 485 
AM9260G), 20 mM Tris-HCl pH 8 (Invitrogen™, 15568025), 150 mM NaCl (Thermo Fisher 486 
Scientific, AM9759)], and 1x PBS pH 7.4 (Gibco™, 70011044) with 0.1% Triton™ X-100 (Sigma-487 
Aldrich, T8787-50ML). 488 

Creating sticky end on the cDNA: The BbvCI site-containing TSO was treated with 10 U of BbvCI 489 
(NEB, R0601S) in 1x CutSmart Buffer at 500 μLs at 37°C for 1 hour with agitation. The beads 490 
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were washed twice for 5 minutes each time with 500 μLs 1x PBS pH 7.4 (Gibco™, 70011044) 491 
with 0.1% Triton™ X-100 (Sigma-Aldrich, T8787-50ML).  492 

Ligation of cDNA and linker: Proximity ligation was performed with 20,000 U of T4 DNA Ligase in 493 
1 mL of 1x T4 DNA Ligase Buffer (NEB, M0202M), with constant rotation for 30 minutes at room 494 
temperature. The ligase was inactivated by heating to 65°C for 10 minutes. The beads were 495 
collected and washed twice for 5 minutes each time, with 500 μLs 1x PBS pH 7.4 (Gibco™, 496 
70011044) with 0.1% Triton™ X-100 (Sigma-Aldrich, T8787-50ML). 497 

Overview of Step 3: The third step constructs the sequencing library. This step converts the 498 
ligated RNA to double-stranded cDNA, denoted as cDNA2 to be differentiated from the protein’s 499 
cDNA label (cDNA1). The cDNA1-linker-cDNA2 chimeric sequence is released from beads, 500 
added with sequencing adapters, enriched by the biotin on the linker, amplified, and subjected to 501 
paired-end sequencing. 502 

Protein digestion and reverse crosslinking: The streptavidin beads were suspended in 200 μL 503 
TAE buffer (Invitrogen™, AM9869) with 0.8 U of Proteinase K (NEB, P8107S) and incubated at 504 
70°C for 30 minutes. The beads were washed twice for 5 minutes each time with 500 μL 1x PBS 505 
pH 7.4 (Gibco™, 70011044) with 0.1% Triton™ X-100 (Sigma-Aldrich, T8787-50ML). 506 

Synthesis of cDNA2: 50 μL of first strand reaction mix was created with 500 U of SuperScript II 507 
Reverse Transcriptase, 1x SuperScript II FS Buffer, 5 mM DTT (Thermo Fisher Scientific, P2325), 508 
and 1 μM dNTP mix (NEB, N0447S), 1 M Betaine (Sigma-Aldrich, 61962), 6 mM MgCl2 (Thermo 509 
Scientific, R0971), and 40 U of SUPERase• In™ RNase Inhibitor (Invitrogen™, AM2694). The 510 
beads were incubated in this mix at 42°C for 50 minutes with agitation. The beads were washed 511 
twice for 5 minutes each time with 500 μL 1x PBS pH 7.4 (Gibco™, 70011044) and 0.1% Triton™ 512 
X-100 (Sigma-Aldrich, T8787-50ML). To synthesize the second strand cDNA, 100 μL of second 513 
strand mix was created with 20 U DNA Polymerase I (NEB, M0209S), 1 U RNase H (NEB, 514 
M0297S), 1x NEBuffer 2 (NEB, M0297S), 2.4 mM DTT (Thermo Fisher Scientific, P2325), and 515 
0.25 mM dNTP mix (NEB, N0447S). The beads were incubated in this mix at 37°C for 30 minutes 516 
with agitation. The beads were washed twice for 5 minutes each time with 500 μL 1x PBS pH 7.4 517 
(Gibco™, 70011044) with 0.1% Triton™ X-100 (Sigma-Aldrich, T8787-50ML). 518 

Sequencing library construction: The cDNA-linker-cDNA2 structure was released from the beads 519 
by DNA fragmentation using the NEBNext® Ultra™ II FS DNA Module (NEB, E7810S) with twice 520 
the reaction volume and 10 minutes of fragmentation time. Sequencing adaptors were added 521 
using the NEBNext Ultra™ II DNA Library Kit (NEB, E7805S). The linker-containing DNA 522 
fragments were selected by incubating with 20 μL of Streptavidin T1 beads (Invitrogen™, 65602) 523 
at room temperature for 1h with agitation. The beads were washed 3 times, each time with a Low 524 
Salt wash buffer [0.1% SDS (Invitrogen™, AM9820), 0.1% Triton X-100 (Sigma-Aldrich, T8787-525 
50ML), 2 mM EDTA pH 8.0 (Invitrogen™, AM9260G), 20 mM Tris-HCl pH 8.0 (Invitrogen™, 526 
15568025), 150 mM NaCl (Thermo Fisher Scientific, AM9759)], 1x B&W buffer (5 mM Tris-HCl 527 
pH 7.5 (Invitrogen™, 15567027), 0.5 mM EDTA pH 8.0 (Invitrogen™, AM9260G), 1M NaCl 528 
(Thermo Fisher Scientific, AM9759)), and 1x PBS pH 7.4 (Gibco™, 70011044) with 0.1% Triton 529 
X-100 (Sigma-Aldrich, T8787-50ML). The beads were added to a PCR reaction mix consisting of 530 
25 μL of 2x PCR Master Mix, 5 μL of Universal Primer, and 5 μL of Primer Mix-Index 1 from the 531 
NEBNext Ultra II Single Indexing Kit (NEB, E7335S). The PCR was conducted with an initial 532 
denaturation of 95°C for 2 minutes then cycled 15 times between a 98°C 10-second denaturation 533 
step and a 68°C 90-second annealing and extension step. PCR products were purified with 0.75x 534 
AMPure XP Beads (Beckman, A63880), eluted in 20 μL of UltraPure™ DNase/RNase-Free 535 
distilled water (Thermo Scientific, 10977023), and quantified with the Qubit dsDNA HS Assay Kit 536 
(Invitrogen™, Q32851). Each sequencing library was paired-end sequenced for 150 cycles on 537 
each end on an Illumina NovaSeq 6000 sequencer.  538 
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RNA-PLA 539 

Covalently coupling of DNA oligonucleotides to antibodies: The antibodies were conjugated with 540 
DNA oligonucleotides using a Duolink PLA Multicolor Probemaker Kit-Red (Sigma-Aldrich, 541 
DUO96010-1KT), adhering to the provided instructions in the manual.  542 

RNA probes: The RNA probes targeting the RNA of interest are ultramer DNA oligonucleotides, 543 
synthesized by IDT DNA Technologies. Each RNA probe consists of three regions from 5′ to 3′, 544 
including a 40–50 nucleotide (nt) sequence complementary to (antisense to) the RNA of interest, 545 
4 adenylates that serve as a linker, and a 3’ modification with Digoxin. An online FISH probe 546 
design resource was applied (e.g., http://prober.cshl.edu/) to identify region A for each target 547 
RNA. The sequences of the oligonucleotides used in this study are shown in Table S6.  548 

Cell fixation and permeabilization: Approximately 5,000 HEK293T (ATCC, CRL3216) cells were 549 
subcultured in a Millicell EZ 8-well slide per well (Sigma-Aldrich, PEZGS0816). Once the cells 550 
reach to 70% - 90% confluence, culture medium was removed and the cells were fixed with 4% 551 
formaldehyde (v/v) (Thermo Scientific 043368.9M) in 1x PBS pH 7.4 (Gibco™, 70011044) on ice 552 
for 30 min. The cells were washed twice with 1x PBS pH 7.4 (Gibco™, 70011044) for 10 min each 553 
time. The cells were permeabilized with 200 µL of 0.1% Triton X-100 (Sigma-Aldrich, T8787-554 
50ML) in 1x PBS pH 7.4 (Gibco™, 70011044) for 15 min at room temperature with rocking. 555 
Hybridization was blocked by incubation with 200 µL of blocking buffer (10 mM Tris-acetate pH 556 
7.5 (BioWorld, 40125038), 10 mM magnesium acetate (Sigma-Aldrich, 63052-100ML), 50 mM 557 
potassium acetate (Sigma-Aldrich, 95843-100ML-F), 250 mM NaCl (Thermo Fisher Scientific, 558 
AM9759), 0.25 μg/μL bovine serum albumin [BSA] (Thermo Scientific, 23209), and 0.05% Tween 559 
20 (Invitrogen™, AM9820)) in the presence of 20 μgs/mL sheared salmon sperm DNA (sssDNA) 560 
(Invitrogen™, AM9680) at 4°C for 1 h. 561 

RNA probe hybridization: Ten nmols of RNA probes were diluted in 80 μL of UltraPure™ 562 
DNase/RNase-Free distilled water (Thermo Scientific, 10977023), denatured at 80 °C for 5 min, 563 
chilled on ice for 5 min, and resuspended in 80 μL of hybridization buffer (10% formamide (Thermo 564 
Scientific™, 17899), 2X SSC (Invitrogen™ 15557044), 0.2 mg/mL sheared salmon sperm DNA 565 
(Invitrogen™, AM9680), 5% dextran sulfate (Sigma-Aldrich, D8906-10G) and 2 mg/mL BSA 566 
(Thermo Scientific, 23209)), and incubated with the fixed and permeabilized cells at 37°C 567 
overnight to allow for hybridization. The cells were washed for 10 min twice with 2X SSC 568 
(Invitrogen™ 15557044) and twice with 1x PBS pH 7.4 (Gibco™, 70011044) at room temperature. 569 
Antibodies were blocked by incubation with 100 µL of Duolink Blocking Solution (Sigma-Aldrich, 570 
DUO92101-1KT) according to the manufacturer’s recommendations. 571 

Incubation with antibodies: Two oligo-conjugated antibodies, including the antibody of protein of 572 
interest, which is conjugated with Oligo A from DUOLINK red kit (Sigma-Aldrich, DUO92008-573 
100RXN), and anti-Digoxin, which is conjugated with Oligo B from DUOLINK red kit, (Sigma-574 
Aldrich, DUO92008-100RXN), were mixed in Probemaker PLA Probe Diluent (Sigma-Aldrich, 575 
DUO82036) to a total volume of 200 µL and added to the fixed cells. The slides were incubated 576 
in a humidity chamber for 2 hours at 37°C. The list of antibodies is provided in Table S7.  577 

Rolling circle amplification (RCA) and imaging: Probe ligation and labeling were performed using 578 
Duolink PLA detection-red kit (Sigma-Aldrich, DUO92008-100RXN) according to manufacturer’s 579 
instructions. RCA was performed using Duolink PLA detection-red kit (Sigma-Aldrich, DUO92008-580 
100RXN) according to manufacturer’s instructions. Prior to each step, the cells were washed three 581 
times with 500 µL of wash buffer A (Sigma-Aldrich, DUO82036). To prepare for imaging, the cells 582 
were washed twice with wash buffer B (Sigma-Aldrich, DUO82036) and once with 1:100 wash 583 
buffer B (Sigma-Aldrich, DUO82036). Antifade mounting medium with DAPI (Sigma-Aldrich, 584 
DUO82040-5ML) was applied to each well. Coverslips (Corning®, CLS2980246) were placed 585 
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onto the slides and sealed with a clear nail Top Coat. All imaging was performed using a Leica 586 
SP8 Confocal with Lightning Deconvolution Microscope, with a 60x objective. Images were 587 
processed using ImageJ. Statistical analyses were performed with GraphPad Prism 9.  588 

RIP-seq 589 

Immunoprecipitation of RNA-protein complexes was conducted under native conditions utilizing 590 
either the anti-PHGDH antibody or IgG. Approximately 2x107 HEK293T cells (ATCC, CRL3216) 591 
were lysed in 500 µL of the lysis buffer (50 mM Tris-HCl, pH 7.5 (Invitrogen™, 15567027), 100 592 
mM NaCl (Thermo Fisher Scientific, AM9759), 1% Triton X-100 (Sigma-Aldrich, T8787-50ML), 593 
0.1% SDS (Invitrogen™, AM9820), 0.5% Sodium Deoxycholate (Sigma-Aldrich, 30970-25G), and 594 
a protease inhibitor cocktail (Roche, 4693159001)) together with 200 U of RNasin® Plus 595 
Ribonuclease Inhibitor (40 U/µL, Promega, N2618) on ice for 30 minutes with occasional mixing 596 
and were then centrifuged at 15k rpm for 15 minutes. For each sample, 60 µL of Dynabeads™ 597 
Protein A (Invitrogen™, 10001D) were prepared in a 1.5 mL tube. The bead slurry was washed 598 
three times with 1 mL of the lysis buffer and resuspended in 100 µL of the lysis buffer. 5 µg of 599 
Rabbit anti-PHGDH antibody (Proteintech, 14719-1-AP) or Rabbit IgG isotype control (Abcam, 600 
AB37415) was mixed with the pre-washed beads at 4℃ for 2.5 hours on a rocking platform. Before 601 
use, the pre-equilibrated bead slurries were washed three times for 5 minutes with 1 mL of the 602 
lysis buffer.  603 

Immunoprecipitation was conducted by incubating 500 µL of the cell lysate from each sample with 604 
the pre-equilibrated bead slurry as below at 4°C on a rocking platform overnight. Beads were 605 
sequentially washed twice with 1 mL of high salt buffer (50 mM Tris-HCl, pH 7.5 (Invitrogen™, 606 
15567027), 1 M NaCl (Thermo Fisher Scientific, AM9759), 1 mM EDTA pH 8.0 (Invitrogen™, 607 
AM9260G), 1% Triton X-100 (Sigma-Aldrich, T8787-50ML), 0.1% SDS (Invitrogen™, AM9820), 608 
and 0.5% Sodium Deoxycholate (Sigma-Aldrich, 30970-25G)) and 1 mL of wash buffer (20 mM 609 
Tris-HCl, pH 7.5 (Invitrogen™, 15567027), 10 mM MgCl2 (Invitrogen™, AM9530G), and 0.2% 610 
Tween-20 (Sigma-Aldrich, P9416-100ML)). Complexes in each tube was released from beads by 611 
incubation with a mixing of 20 µL of Proteinase K (800 U/mL, NEB, P8107S) and 180 µL of PK 612 
buffer (50 mM Tris-HCl, pH 7.5 (Invitrogen™, 15567027)) and 10 mM MgCl2 (Invitrogen™, 613 
AM9530G)) at 50℃ for 40 minutes. The supernatant was collected and mixed with 1 mL of TRIzol 614 
Reagent (Invitrogen™, 15596026), and subsequently with 200 µL of chloroform (Acros Organics, 615 
A0425256), and was centrifuged at 14,000 rpm for 15 minutes at 4°C to extract RNA. The upper 616 
layer was collected. RNA was precipitated by the addition of 3 µL of glycogen (5 mg/mL, 617 
Invitrogen™, AM9510), 50% of 2-propanol (Sigma-Aldrich, I9516-500ML), and 10% of 3 M 618 
sodium acetate, pH 5.5 (Invitrogen™, AM9740) with an incubation at -80℃ overnight. The RNA 619 
was then pelleted by centrifugation at 14k rpm for 30 minutes at 4℃, washed with 1 mL of 75% 620 
ethanol (Sigma-Aldrich, 493546), and air-dried. The RNA was then suspended in 20 µL of 621 
UltraPure™ DNase/RNase-Free distilled water (Invitrogen™, 10977015).  622 

A sequencing library was prepared by cDNA synthesis, amplification, fragmentation, and adaptor 623 
ligation using NEBNext® Low Input RNA Library Prep Kit (NEB, E6420) and sequenced by paired-624 
end sequencing with 150 cycles from each end on an Illumina MiniSeq sequencer. 625 

PHGDH knockdown and overexpression 626 

Knockdown in HEK293T: HEK293T cells (ATCC, CRL3216) were subcultured into a 6-well plate. 627 
The cells grew overnight, and the media were exchanged 6 hours before transfection. Cells were 628 
70-90% confluent at the time of transfection. 100 pmol of 10 µM scrambled siRNA (Thermo Fisher 629 
Scientific, 4404021) (Control), PHGDH Silencer Select siRNA s514 (Thermo Fisher Scientific, 630 
s514, 5’-UAUUAGACGGUUAUUGCGTA-3’) (si-1) or s515 (Thermo Fisher Scientific, s515, 5’-631 
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UGAGCUCCAAGGUAAGAAGTG-3’) (si-2) was transfected to HEK293T cells with 10 µL of 632 
Lipofectamine 200 (Invitrogen™, 11668). Cells were harvested 48 h after transfection. 633 

Knockdown in mNSC: mNSCs were subcultured into 6-well plates. After 24-hour culture, 200 634 
pmol of 10 µM scrambled siRNA (Thermo Fisher Scientific, 4404021) (Control), Phgdh Silencer 635 
Select siRNA s108329 (Thermo Fisher Scientific, s108329, 5’-636 
UUCAUCGAAGCUGUUGCCUGG-3’) (si-1) and s108330 (Thermo Fisher Scientific, s108330, 5’-637 
UACUCGCACACCUUUCUUGCA-3’) (si-2) were transfected into mNSCs in each well of 6-well 638 
plates with 10 µL of Lipofectamine 200 (Invitrogen™, 11668). Cells were harvested 48 h after 639 
transfection.  640 

Overexpression: WT and ED PHGDH were overexpressed in HEK293T (ATCC, CRL3216) cells 641 
by transfecting WT and ED PHGDH expression vectors, as well as an empty vector control. Cells 642 
were harvested 48 h after transfection,  643 

RT-qPCR  644 

Total RNA was extracted from HEK293T cells and mNSCs using TRIzol reagent (Sigma, 93289) 645 
and further purified with chloroform. The RNA was then converted to complementary DNA (cDNA) 646 
using the SuperScript First-Strand Synthesis System (Thermo Fisher, 11904018) with random 647 
hexamers according to the manufacturer's instructions. RT-qPCR was conducted with the Applied 648 
Biosystems PowerUp SYBR Green Master Mix (Thermo Fisher, A25742) to amplify the cDNA. 649 
Gene expression levels were quantified using the ΔΔCT method. TUBB mRNA and GAPDH 650 
mRNA were used as normalization controls for HEK293T cells and mNSCs, respectively. 651 

For the RIP-qPCR assay, RNA was precipitated using anti-PHGDH antibody (Proteintech, 14719-652 
1-AP) or IgG (Abcam, AB37415). Subsequently, the RNA underwent reverse transcription, and 653 
the RNA levels of BECN1, ATF4, and GAPDH were quantified using RT-qPCR, according to the 654 
previously described protocol. Quantification was performed using the ΔΔCT method, with 655 
GAPDH serving as the normalization control. The levels of BECN1 and ATF4 were normalized to 656 
those of GAPDH. 657 

Western blot  658 

Cell pellets were suspended and lysed in 150 µL RIPA (Millipore, 20-188) containing protease 659 
inhibitor (cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail, Roche, 11836170001) on ice for 660 
30 minutes with occasional mixing and were then centrifuged at 14k rpm for 20 minutes. The 661 
supernatant was collected, and the protein concentrations were determined by Qubit Protein 662 
Broad Range (BR) Assay Kit (Invitrogen™, Q33211). 10% v/v β-mercaptoethanol (Gibco™, 663 
21985023) was added to the 4X XT Sample Buffer (Bio-Rad, 1610791). Proteins from each 664 
sample were mixed with the 4X protein loading buffer to dilute to 1X and incubated at 100°C for 665 
5 minutes. 30 μg of total proteins were resolved on a Tris-glycine 4-20% precast polyacrylamide 666 
gradient gel (Invitrogen™, XP00102BOX), together with a PageRuler™ Plus Prestained Protein 667 
Ladder (Thermo Scientific™, 26619) with 1X Tris/glycine/SDS running buffer (Bio-Rad, 1610772). 668 
SDS-PAGE was performed at 80 V for 45-60 minutes. For Western blotting, proteins were 669 
transferred onto an Immuno-Blot nitrocellulose membrane using an iBlot™ Gel Transfer Stack 670 
(Invitrogen™, IB301002), blocked with 5% milk in 1X TBST (Thermo Scientific™, 28360), and 671 
then incubated with diluted primary antibodies in the blocking solution at 4℃ overnight. The 672 
membrane was washed three times with 1x TBST and incubated with anti-Rabbit IgG HRP (Cell 673 
signaling, 7074) or anti-Mouse IgG HRP (Cell signaling, 7076) at a 1:1000 dilution in the blocking 674 
solution for 1 hour at room temperature. 1 mL of ECL Western Blotting Substrate solution (Thermo 675 
Scientific™, 32109) was prepared and uniformly spread on the membrane for imaging by Azure 676 
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Imager c400 (Azure Biosystems) after TBST washes. The antibodies and dilutions used are 677 
shown in Table S7.  678 

Immunofluorescence 679 

Cells were plated on the coverslips (Corning®, 354087) and cultured overnight. On the next day, 680 
cells were fixed with 4% formaldehyde (Thermo Fisher Scientific, 28906). For  activated Caspase 681 
3 (aCaspase3) and Nestin staining, cells were incubated with the block buffer (PBS containing 682 
3% goat serum and 0.1% Triton X-100) at room temperature for 1 hour. For BrdU staining, cells 683 
were cultured with a medium containing 5 µM BrdU for 6 hours, washed three times with 1x PBS 684 
pH 7.2 (Life Technologies, 20012027), followed by a fixation with 4% formaldehyde (Thermo 685 
Fisher Scientific, 28906) in 1x PBS pH 7.2 (Life Technologies, 20012027) at room temperature 686 
for 30 minutes. The fixed cells were treated with 1 M HCl at 37 °C for 30 minutes, followed by 687 
incubation in a block buffer at room temperature for 1 hour. 688 

Primary and secondary antibodies were diluted in antibody dilution buffer (PBS containing 3% 689 
goat serum and 0.1% Triton X-100). Samples were incubated with primary antibodies overnight 690 
at 4°C. The following day, samples were incubated with DAPI and fluorophore-conjugated 691 
secondary antibodies for 1 hour at room temperature. Finally, the slides were mounted for further 692 
analysis. The primary antibodies used in the immunostaining included: anti-activated Caspase-3 693 
(CST, 9661S), anti-Nestin (BD Pharmingen™, 556309) and anti-BrdU (BD Biosciences, 560810). 694 
The secondary antibodies used in the immunostaining included: AlexaFluor488 goat anti-rabbit 695 
(Thermo FIsher, A11008) and AlexaFluor568 goat anti-mouse (Thermo FIsher, A11004). 696 

For autophagosome staining, the Autophagy Assay Kit (AAT Bioquest, 23002) was used following 697 
the standard protocol provided by the manufacturer. A mixture of 2 µL of Component A and 1 mL 698 
of Component B was prepared, and fixed cells were incubated at 37°C for 30 minutes with the 699 
Component A/B mixture. After washing three times with Component C and air-drying, the 700 
coverslips were mounted onto slides with the antifade mounting medium containing DAPI 701 
(VECTASHIELD, H-1500) for further analysis. 702 

Quantification and statistical analysis 703 

Processing PRIM-seq read pairs 704 

The following data processing steps are implemented in 705 
PRIMseqTools: https://github.com/Zhong-Lab-UCSD/PRIMseqTools. The raw sequencing read 706 
pairs were provided to Cutadapt 2.5 73 to remove the 3′ linker sequence and the 5′ adaptor 707 
sequence. The remaining read pairs were subsequently subjected to Fastp 0.20.0 74 and Python 708 
script to remove low-quality reads (average quality per base < Q20) and short reads (< 20 bp). 709 
The remaining read pairs were mapped to RefSeq transcripts 75 (based on GRCh38.p13, 710 
NCBI Homo sapiens Annotation Release 109.20190607) using BWA-MEM 0.7.12-r1039 76 with 711 
the default parameters. The read pairs with one end mapped to the sense strand of a gene and 712 
the other end mapped to the antisense strand of a protein coding gene were identified as chimeric 713 
read pairs. Any duplicated chimeric read pairs were removed to obtain non-duplicate chimeric 714 
read pairs. A Chi-square test was carried out on every gene pair to test for RNA-protein 715 
association. The null hypothesis is that the mapping of one end of a chimeric read pair to a gene 716 
is independent of the mapping of the other end of this chimeric read pair to the other gene. The 717 
contingency table of this association test is given in Figure S2b. False discovery rate (FDR) was 718 
computed from the Benjamini-Hochberg procedure to control for family-wise errors in multiple 719 
testing. 720 
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Downloading RNA-protein pairs from RNAInter database 721 

RNA-protein associations were downloaded from the RNAInter database at 722 
http://www.rnainter.org/download/, specifying ‘Homo sapiens’ in both the ‘Species 1’’ column and 723 
the ‘Species 2’ column.  iCLIP and HITS-CLIP derived RNA-protein associations were also 724 
downloaded from RNAInter by specifying ‘Homo sapiens’ in both the ‘Species 1’ column and the 725 
‘‘Species 2’ column, ‘RBP’ in the ‘Category 2’ column, and  the assay name (iCLIP or HITS-CLIP) 726 
in either the ‘strong’ column or the ‘weak’ column.  727 

Odds ratio calculation 728 

The odds ratio was used to quantify the degree of overlap between two sets of RNA-protein 729 
associations (RPAs). The odds ratio (OR) of the following contingency table is calculated as OR = 730 
(A × D)/(C × B), where A, B, C, D are numbers of RNA-protein pairs in the corresponding cell in 731 
the contingency table. 732 

 Within set II Outside set II 

Within set I A B 

Outside set I C D 

GO term-defined subnetworks 733 

The subnetwork associated with a GO term 77 was retrieved by the HuRPA proteins that were 734 
annotated by this GO term and all the edges connected with these proteins. GO term enrichment 735 
analysis was based on Chi-square tests. FDR was computed from the Benjamini-Hochberg 736 
procedure was used to control for family-wise errors. The protein classes belonging to the RNA 737 
processing proteins are categorized based on PANTHER.db 78. The entire HuRPA network was 738 
plotted with Gephi (0.9.2, https://gephi.org/) 79. All other network figures were plotted 739 
with Cytoscape 80. 740 

RNA-binding domains (RBDs) and RBD-binding motifs 741 

RBDs were downloaded from RBPDB 52. The RBD classes with more than 100 domains captured 742 
by either RBDmap or pCLAP were used in this analysis. The Homer2 de novo module in Homer 743 
v5.0 81 was applied to the RNA-end reads that are linked to the RRM class of RBDs to identify 744 
RBD-binding motifs, using all the RNA-end reads from the entire HuRPA as the background. The 745 
threshold for calling RBD-binding motifs was BH-corrected p-value smaller than 0.05 and more 746 
than 5% of the input sequences containing the motif. 747 

RIP-seq data analysis 748 

The RIP-seq read pairs were mapped to RefSeq transcripts 75 (GRCh38.p13, NCBI Homo 749 
sapiens Annotation Release 109.20190607) using STAR 2.5.4b 82. FeatureCounts in Subread 750 
2.0.6 83 was applied to the resulting bam file to obtain the reads per million (RPM) for each gene. 751 
The PHGDH-associated RNAs were identified as the genes with BH-corrected p-values smaller 752 
than 0.05 (PHGDH vs. IgG, t test, two-sided) and an average RPM in the PHGDH libraries greater 753 
than 500. 754 

Precision and recall for RNA-protein association pairs  755 
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Precision and recall of HuRPA RNA-protein pairs were derived by comparing HuRPA RPAs with 756 
a reference set. Three reference sets were used, which are the RPAs in the RNAInter database 757 
(RNAInter RPAs), iCLIP-identified RPAs (iCLIP RPAs), HITS-CLIP identified RPAs (HITS-CLIP 758 
RPAs). An HuRPA RPA was considered matching a reference RPA only when both the RNA and 759 
the protein matched. The search space for precision-recall calculation was defined as the all the 760 
possible RNA-protein pairs between the HuRPA RNAs (7,248) and the proteins shared by HuRPA 761 
and the reference set.  762 

Data Availability 763 

All PRIM-seq sequencing data has been deposited in GEO (GSE270010). All RIP-seq sequencing 764 
data has been deposited in GEO (GSE270009).  765 

Code Availability 766 

PRIMseqTools and its source code and complete documentation are available at 767 
https://github.com/Zhong-Lab-UCSD/PRIMseqTools. A web interface for downloading, 768 
searching, and visualizing the HuRPA network is available at: https://genemo.ucsd.edu/prim. 769 
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Figure Legends 960 

Figure 1. PRIM-seq experimental pipeline. (a) Step 1, SMART-display takes mRNA from input 961 
cells to produce a library of mRNA-barcoded proteins. The protein and its mRNA label are 962 
covalently linked through puromycin (b) Step 2, REILIS converts each RNA-protein pair to a 963 
chimeric DNA sequence, with a “protein-end” read originating from the protein’s mRNA label 964 
(green) and a “RNA-end” read originating from the associated RNA (purple). (c) PRIM-seq read 965 
pairs with the protein-end aligned to the PHGDH gene and the RNA-end aligned to the ATF4 966 
gene. 967 

Figure 2. The RELIS procedure. (a) The library of mRNA-labeled proteins is immobilized. (b) the 968 
mRNA labels are converted to cDNA. (c) An RNA library is incubated with the protein library to 969 
allow for interactions. (d) The RNA (pink) is ligated with the protein’s cDNA label (green) via a 970 
linker sequence (gray), creating a chimeric sequence in the form of RNA-linker-cDNA, which is 971 
converted to double-stranded DNA for paired-end sequencing (e-i).  972 

Figure 3. HuRPA network. (a) The entire HuRPA network with proteins (blue) and RNAs (red) as 973 
nodes, RNA-protein associations as edges, and the node size representing this node’s number 974 
of edges (degree). (b) The most enriched GO terms in HuRPA proteins. X axis: -log_e(FDR). (c) 975 
Overlap between HuRPA proteins and database-documented RBPs. (d-e) degree distribution of 976 
HuRPA proteins (d) and HuRPA RNAs (e) with the degree on the x axis and the frequency of the 977 
nodes with the corresponding degree on the y axis. (f) Rank distribution of the degrees of 978 
database-documented RBPs (blue) and the other proteins (orange) in HuRPA. The protein with 979 
most associated RNAs (highest degree) is ranked on top (rank = 1). (g) The RNA hub, LINC00339 980 
and its associated proteins (green nodes). The 15 to-be-tested proteins are highlighted. (h) 981 
Illustration of the RNA-Proximity ligation (RNA-PLA) assay. RCA: rolling circle amplification. (i-j) 982 
representative microscopic images of the RNA-PLA assay on the IGF2R protein and LINC00339 983 
RNA (i) and antibody-only control (j). Scale bar = 20 μm. (k) Quantification of 15 tests (LINC00339 984 
+, protein = IGF2R, …, FGFR3), antibody-only controls (LINC00339 - , protein = IGF2R, …, 985 
FGFR3), other negative controls including LINC00339(RNA)-GFP(protein), LINC00339(RNA)-986 
CD40(protein), (RNA)-CD32(protein), (RNA)-LTBR(protein), RNA probe-only control (LINC0039 987 
+, Protein -); and no-probe-no-antibody control (LINC0039 -, Protein -). # of cells: the number of 988 
cells used for quantification. Y axis: the average number of RNA-PLA foci per cell. Error bar: SEM.  989 

Figure 4. PHGDH as an RNA-associating protein. All p-values are derived from two-sided t tests 990 
and error bars represent SEM unless otherwise specified. The number of replicates is denoted 991 
as “n=” in the bottom row. (a) The protein hub, PHGDH, and its 885 associated RNAs (blue 992 
nodes). (b) Upper panel: the database-documented protein domains (blue blocks) and the two 993 
RBDmap-identified candidate RNA-binding domains (RBD1, RBD2) in PHGDH. Lower panel: 994 
PRIM-seq’s protein-end reads (yellow) aligned to PHGDH’s peptide sequence, with the peak co-995 
localizing with RBD1. (c) Overlap of the HuRPA and RIP-seq identified PHGDH-associated RNAs. 996 
P-value is derived from Fisher’s exact test. (d) RIP purified BECN1 and ATF4 RNA levels using 997 
PHGDH antibody (yellow) and IgG (gray). n=6. (e) RNA-PLA analysis with and without the ATF4 998 
RNA probe (ATF4 probe = +, -), with and without the PHGDH antibody (anti-PHGDH = +, -). The 999 
average number of PLA foci per cell (y axis) is derived from the number of cells given in the bottom 1000 
row (# of cells). (f-m) PHGDH knockdown with PHGDH targeting siRNAs (si-1, si-2) and a 1001 
scramble siRNA (Control). (f) si-1, si-2 reduced PHGDH protein level (f-g), without changing the 1002 
mRNA levels of BECN1 (h) and ATF4 (i). ns: non-significant. Western blotting (j, l) and 1003 
quantification (k,m) of BECN1 and ATF4 with Vinculin (VCL) as the loading control. PHGDH 1004 
knockdowns si-1 and si-2 induced protein levels of BECN1 (j-k) and ATF4 (l-m). (n-u) 1005 
Overexpression of wild-type (WT) and enzymatically-dead (ED) PHGDH and without 1006 
overexpression (Control). Western blots (n) and quantification (o) showing the overexpression of 1007 
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WT and ED PHGDH, without affecting the mRNA levels of BECN1 (p) and ATF4 (q), which  1008 
suppress the protein levels of BECN1 (r-s) and ATF4 (t-u).  1009 
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EGFLAM

NAP1L4

DHX36

MYO16

GCNT1

ANGPT1

WDR47

CRACR2A

PLS1

ATAD5

IRGQ

EIF6

EID2B

SMAD6

GATB

HAUS2

NAPA

EXPH5

KLF10

ASH1L

REPS1

LIG1

MYC

ATP11B

HSD17B1

SETDB1

MAGED4B

ALKBH5

ARPC1B

SEC11C

MYL4

RIOK1

SLC7A8

SLC37A2

KLHL25

NFKB2

POLR2C

NOP10

LAYN

ARV1

SAFB

PILRB

CDC27

SUPT3H

RPLP0

MAP1B

RAB10

MCFD2

ADGRE5

ZNF302

UBR1

ANKRD36

HPS4

POLG

SGSM3

HSD3B7

CAP2

ZNF776

RASAL1

C10orf105

MORN2

ATXN7L3B

CDIPT

FGD6

C9orf85

SETX

PDF

MTCL1

FAN1

IFI35

SAE1

PCDH7

ZNF337

ACADVL

TMEM214

ELOB

TSEN2

CHCHD6

PGRMC2

CEP164

GRK2

ZNF507

SESN3

TRAFD1

TYSND1

VPS26C

NID2

ARHGEF19

VPS37A

ELAVL2

CCSAP

MLF2

IPPK

RNF19B

TTLL7

SUCLA2

EIF5

OSBP2

SMAD2

WBP11

CYB5RL

CWC22

IFT57

VASP

SELENBP1

RPN1

SMS

TIGD6

SOS1

COL7A1

CHPT1

BNIP3

GPT2

CCNA2
XPOT

PRELID3B

ENTR1

RSRP1

ZNF598

ARPC1A

HYI

MSMO1

OSR2

WDR61

NUCB1

SLC43A1

PDSS2

TMEM268

ABHD12

KIFAP3

CASP2

CCNYL1

DKK3

UBE2C

GRAP2

PET100

CACNG8EEF1AKMT3

COMMD3-BMI1

AP1G2

DYNLT3

BTN3A3

KIFC2

INTS14

MBD1

LDLR

AQR

CRNKL1

MYO1C

VPS52

ATAD2

HACD1

CRIPT

MTSS2

CTBP1

PHYH

VAV1

CDKN1A

CPNE8

LOC100996709

PEX2

GLIPR2

ELOF1

PTPN9

C18orf21

ZNF226

MAPK8

ARGLU1

NCOR1

ZBTB42

HYAL1

UBAC2

DIDO1

OGFRL1

TRAF3IP1

NOS3
RABL2A

CIAO2A

COPS9

COA7

SSX2IP

FAM156A

PCID2

ZNF138

TSG101

WARS1

HBG1

LLGL1

ATP7A

COL5A1

HNRNPDL

ZNF618

MCM3AP

SLC12A4

SUPT20H

CEP162

BRSK1

UBQLN1

FDPS

PIM3

CNST

TRMT13

PRDX5

IGSF3

LETM1

MPST

PCDHA4

GLRB

RBMX

RBM6

ROR1

ZNF620

CAPZA2

PIK3CD

SLC25A26

CENPW

HLA-B

HOXD10

CASP6

MACROH2A1

DDX24

CASZ1

MARK4

PRNP

TWSG1

PRIM1

CALR

NDUFAF4

SLC12A6

WDR73

WDR83

BTN2A1

CASR

GOT1

GMCL1

ZNF701

STARD9

TAOK1

ABHD11

PTK2

TTLL12

GPSM1

CLYBL

ACTL6A

MEIS2

CD2AP

FBRSL1

RNF103

RANGAP1

NDST2

ZFR

HMGN4

SATB2

FBXO17

SRP54

MRAP

KLHL8

AARSD1

TMED3

MANSC1

SNX6

RSL24D1

FNBP1L

PPARA

SH2D5

ZNF322

FEM1B

HMX1

CNTN1

KNTC1

TRMT6

SNX22

GAGE10

MAGEA1

SACM1L

MUC19

RNF24

CHAC2

MNX1

FZR1

DAXX

USPL1

FAM83H

AP2A2

DRG1

DSTYK

NAA30

NHS

NUP35

TRIR

APMAP

CEP41

MED13

LACTB2

FZD1

HSD17B11

OPHN1

PLCB1

FAM229B

APOC1

CDCA5

CFAP157

NSUN5

STT3B

EFTUD2

PUM1

DSC2

MED18

SLC38A2

SF3A3
IL17RA

FAM76A

PLAAT3

RHEB

H2AC11

NUP88

H4C9

TBRG4

IER2

NDUFAF8

WASF2

MRPL3

SYCP2L

PDE6D

TCOF1

SSX3

MORC2

ZBTB24

ACCS

PPP3CC

RBBP5

BAIAP2L1

TNPO2

SLC37A4

EPS15L1

PRDM2

AHNAK2

NASP

ZNF678

SRSF8

ZER1

BMPR1B

OGFR

LONP1

DNAJC11

PAX3

MTHFD1L

RXRB

GGCT

SLC10A7

HNRNPM

TMEM35B

INTU

KIAA0895L

SMARCA5

TTF2

OSBPL7

TAF7

DNMBP

CSPG5

RHAG

HYKK

VBP1

MSL2

RPS6KL1

CORO7

C2orf68

PSMF1

TMEM179B

SRRM1

CHPF

PLEKHG3

ZNF891

DIMT1

MAP2K6

CA14

NUP153

SMAD9

EEF1AKMT4

PTK2B

MMP24OS

COCH

CHST6

METTL4

MYEOV

SRA1

ERI1

C11orf65

CA11

DLG4

CCNE2

DNAJC10

EDA

DGAT1

STRIP1

MOSPD3

CENATAC

MRPL57

COX7A2

NUFIP1

AP1B1

MEF2C

RNPS1

GTF2H1

LRP2

ABCE1

NCAM1

FBXO9

FAM98A

CMTR2

RBM14

TXNDC9

VILL

HOXD11

PANK4

RECQL

MAP7D2

FIGNL1

FKBP8

NCSTN

QRICH1

CC2D2A

HOXB3

TSPAN2

WWP2

TMEM67

CD58

CGN

ALDH1L2

TTF1

FAM76B

ELL3

ACTB

OS9

ADCY6

TRMT44

TP53BP1

HLCS

DPY19L1

CARM1

PHF12

NCAPH2

ARFGEF3

PSMA2

OGFOD3

AHNAK

FBXL20

RANBP2

ZFYVE1

FRK

DNAJB4

ALPL

USP45

CYRIB

RPL13A

SRRD

LRRC23

RAB33B

FAM189B

NDOR1

FOXP1

TMEM266

HLA-DMB

NDUFS8

PDHA1

CYREN

RBPJ

NAXD

MACC1

HBG2

USP19

GDF7

MMAA

PNPLA8

C10orf88

PNN

ISY1-RAB43

UROS

GFM1

MAP3K3

FTL

SPOP

RAB11FIP2

ACSS1

ENAH

NEPRO

CHTOP

GSS

LMBRD1

JMJD7

ERLIN1

TMED10

NUB1

ERMARD

CYBA

SEH1L

MAP1LC3B

ARFRP1

MAPKBP1

NUDT16

CHTF18

PNPLA3

KIDINS220

THAP5

FAM199X

KDM3B

ZNF462

UQCC2

ZNF736

B3GALT1

CBX1

TCAIM

PRMT9

EIF4B

AQP3

NDUFV2

DZIP1L

SPG7

POLH

CPT1A

EMC10

MPHOSPH9

IQCG

SLC39A4

ZNF550

SEC11A

INTS10

DNASE1L1

MAD1L1

SEMA3A

RPL19

RWDD4

SREBF2

EPB41L5

CADM1

MBIP

NCOA1

ADAM11

LTBP3

MBD5

PTPRH

STXBP3

CALD1

GABPA

PSMD4

DNA2

PHB1

RND1

ABO

ZSWIM1

NBPF12

FBXL5

SLFN5

PGM3

SIAH1

RNF146

TPCN2

RPL41

TSPYL4

PCBP2

ZNF629

AGPAT2

TRIP12

CRPPA

LSM4

VPS25

PRDM16

ABCB7

SDC4

DUS3L

TMEM9B

INO80E

TERT

CDC42EP4

ZNF445

FASTKD1

PDXDC1

SUFU

IQGAP1

CYLD

PLEKHA1

ACOT8

C16orf91

BRD2

MSANTD3

TNFSF4

AJM1

GOLGA1

MMACHC

KSR1

GDI2

KLF7

CFAP119

TMX2

DDX54

LRRC37B

C1orf167

ZNF510

CCDC71L

TP53I3

IWS1

COQ2

PDIA6

MED28

CIPC

THOC3

ARL6IP6

FGFRL1

UBE2F

ZBTB8A

UBR3

SPTA1

DNM1

ILK

GALNT13

ACO2

POMT1

BTBD10

G3BP1

GTPBP2

FCHO2

ZIC2

CCDC136

CCNI

SURF4

FAM216A

CBWD3

RALGAPB

ABL2

ARMC1

OSGIN2

FBXO3

KIAA1671

CCNE1

FAM104A

MAN1B1

LNPK

RIC3

STX16

AP5M1

TJP1

ESF1

PPM1M

SEC61A1

IL23R

VEZF1

HIPK3

WDR91

ZNF518B

RGL2

NPIPB12

SNIP1

EHD1

OLA1

ZC3HAV1L

CTNNAL1

IDH2

ACVR2B

LTBP4

KCNQ2

NCBP2

ACAP1

ZSCAN21

ZRANB1

CMTM4

CCP110

TLE2

FNTA

ADGRE2

ZKSCAN8

ADD2

CRAT

OSBPL6

STX1A

ARMCX5

KIZ

MED12L

FAM117A

GNAI3

HACL1

TK1

DDHD1

MAGEF1

YJEFN3

SLC25A24

FDFT1

ECI1

CCT2

SNF8

KLHL9

ACSF2

SRSF3

SFI1

CALM1

TMBIM6

LDHC

CSAD

STEAP3

PITRM1

ALKBH4

ZNF490

FAM89A

WRNIP1

RABGAP1

HASPIN

C17orf75

EHBP1L1

DUS2

CTSZ

CPT1C

TXNL1

SLCO4A1

TANC2

DICER1

FBH1

ZNF552

RLIM

TNKS

PLAA

ANKRD40

ABRACL

LEMD2

SLC35E3

TUBGCP4

NPIPB15

NGRN

SF3B3

PSMA3

IL18BP

DENND2B

MARF1

THRB

ARMCX5-GPRASP2

GPD1L

ABCB6

PTDSS1

ARL5B

DFFA

C2CD2L

CTH

NBEAL1

C5orf34

ANKRD29

XAB2

IMMT

TWF2

UCHL5

USP44

TSEN54

SUPT5H

RAB2A

CTDP1

LOC112268260

FBXO10

TOB2

RPL10A

SGCB

MVK

ULK2

DDX19B

TMEM170A

LAMB1

RMND5A

COX20

PHAX

TNFRSF1A

SMARCE1

CDO1

LAPTM4B

SPATS2L

HGS

TPRN

ZHX1

B3GNT2

ESCO2

TSC22D1

TSPAN7

DHX8

KLF13

RNF126

DIP2C

USP34

ZFP14

GATAD2A

CAMSAP2

STRADB

CFAP97

MAN1A1

ARHGAP6

CSTF1

SUPT6H

WDR4

PKM

TC2N

PPP1R9B

HSD17B10

ZNF721

PHF21A

KMT2A

CPSF7

DNHD1

OBSL1

EIF3A

CARD19

ZNF579

NDUFA11

LMBR1L

FAM162A

LIMA1

MOB3A

GRK6

MRPS18A

TTLL1

PMF1

FBXO25
NSMCE4A

DNAJB11

MRPS28

EFCAB10

MICALL1

NDUFS7

GSE1

DNAH1

CTTNBP2

ERCC5

PPIP5K2

SPOPL

UBN1

HNRNPA1L2

RBPMS2

RHOQ

DHX9

NUDT16L1

BUB1

UBC

ANAPC7

EXOC6B

PODXL

PAFAH1B2

C17orf49

GPC2

MKKS

ANGEL1

HTRA1

CUL9

POLR2F

NCKAP5L

DLAT

TUBG1

ESRRA

SRP68

PARPBP

ARHGEF25

RPL15

MRPL52

TMEM144

MYO18A

HADHA

GPATCH1

RAB4A

TNFRSF10A

TEAD4

H2BC15

CERS1

KCTD9

TMEM128

LRRC27

CAMK4

HDHD3

SDHAF2

LANCL1

PAF1

XPO7

GNB2

LOC112268131

CRYZL1

CALB1

SUGP2

CAST

TRIM44

ZNF790

MRPL38

ZNF420

EIF2AK1

PITX2
KCTD12

CEP44

RBBP6

PGAM1

CCPG1

GALNT6

IP6K1

EIF3J

HDAC8

DPYSL3

PRDX4

CENPF

GSC

DSN1

PIGX

HES1

CD320

G0S2

ROGDI

SLC7A6

BLOC1S4

TMEM106B

MYH9

TP53

REV3L

SMIM14

HOXB6

PSMB6

GMEB1

SLC35E1

SLC2A1

SPCS3

GTPBP10

E2F2

LSM1

DMAC2

RBM22

ORC2

SLC35C2

MAU2

RAE1

CASTOR2

ZNF460

MID2

MGAT1

UCHL3

TCEAL4

CKAP2L

RPL7

TNFAIP2

PSMA4

SRP19

FNDC3B

TIMMDC1

CCDC142

SH3GL1

HDAC4

ICE1

KYAT1

NPM1

ABAT

NCKAP1L

ITSN2

PDE4DIP

EFNA3

FASTKD2

TIMM23

PROSER2

TEAD3

PEDS1

EIF3M

UBE2Z

IDS

EML3

ICAM4

B4GALT1

AKAP12

MGAT2

WASF3

DHDDS

TBC1D3K

MACO1

EPG5

FOXM1

NUDCD1

ALKBH2

SRSF4

KIAA1109

ACVR1B

NUDT4

RPS27

EXOSC1

GTF3C1

CEBPB

YEATS2

FAHD2B

PHF20L1

CMC4

TAF5

CSTB

LYPLA1

STXBP5

AMMECR1

FKBP5

SYCE2

PPRC1

TRAPPC12

CNPY1

GIPR

MRPL48

ZNF260

IFI6

CTSV

B3GAT3

HLA-E

ZCWPW1

NECAP2

FCF1

FTH1

DNAL1

PTRH1

GIGYF1

RBP5

GMPPA

NEGR1

NDUFAF2

ZNF669

LRIG1

GALNT12

KIF9

INPP5K

ENDOD1

SPPL2B

ABHD1

UBR4

ORC4

NDC1

TAP1

SNRPD1

FMNL3

MAP2K7

RNF150

CYB5B

TCP1

SLC66A1

VMA21

EXOSC9

GPS2

DERL1

UQCRB

ARSA

YAE1

PEX11A

PPP1R3E

PODXL2

CCDC43

SMAP1

H6PD
PPAN

AZI2

NCKIPSD

SYK

ZFYVE26

ZCCHC10

BCL7C

NEFM

SLC35B1

BTBD9

IMPA2

UBAC1

FIP1L1

PRDX2

ZBED6

POLE

PTPRA

LSS

CD276

ARID1B

ABCB9

SNRPB2

NUDC

POLE4

CDK9

GAS6

TMED4

SPTSSA

CD68

IPO11

SOX2

RAI1

MYL12A

GJB2

CKS1B

NFXL1

KRTCAP2

JAZF1

HJURP

DPP3

LDHB

MRPS24

RHOU

RPUSD3

AP3S2

ALCAM

KLHL5

ALMS1

SUGT1

ZNF287

ARPC2

TNS2

MRPS36

PAPOLG

CSNK1G2

RNPEP

SUDS3

GSN

NOL6

CASK

RCL1

RASGRF1

TEX2

MCM7

C19orf25

ARHGEF26

SNRNP70

KCNJ12

ZYX

AUH

PLAT

VAMP8

SLC35B4

RAB39B

NUDT10

ZNF770

CASKIN2

ZSCAN23

CLCN6

MYB

TCFL5

UBE2H

GSPT1

SIN3A

DEPDC1

TNRC6C

DDX55

MGAT3

ELAVL1

PPIC

ATG4B

SMAD4

CDR2L

NR3C1

CWC15

MBLAC2

ZBTB22

SCHIP1

SELENOM

ANKHD1

ROM1

LRP1B

PPT1

TMEM115

MIEF1

SERINC3

RHBDD1

GPR107

CERS6

MRM1

IKBKG

PLD2

KLF1

PORCN

WDR54

HAP1

ZNF175

TNFRSF12A

ZNF697

UST

MRPS9

ISOC2

BBS4

GTPBP1

PDE3B

MYO5B

KCTD18

YY1 DBI

SHANK3

WASHC1

CNTNAP1

KTI12

MDM1

ANGEL2

SMARCAD1

RASSF7

HSPA14

PSMG4

MR1

ISOC1

COPS5

BOLA3

ENOSF1

GPN1

URB2

MTRF1

MEGF9

LAMA3

SPPL2A

GFPT2

LRRFIP2

SMN1

RFXANK

TTC37

DENND2A

MACROH2A2

MTRFR

R3HCC1

PTGR2

KRT10

TRIM65

TGDS

COIL

SNU13

SLC22A5

RAB11FIP1

SDSL

TMEM273

CBLB

SDCCAG8

JPH3

GOLM2

PYGL

FOXD3

GNG4

PNPO

SPATA13

CCDC115

KRIT1

PLEKHM2

NEDD1

ATAD3A

SCUBE1

SLC25A14

RAD51

CDC14A

ZNF655

RBM15B

SLC10A3

CISD1

GABARAPL1

PPIP5K1

RAP2B

TMEM231

MPG

RBMS1

SMIM15

ANKFY1

GTF2H4

STEEP1

SLC29A2

BTG3

NCOA3

GRAMD1A

MRGPRX3

ZSCAN16

CPE

ANXA2

MTA1

RGS16

NEK9

B9D1

CCDC50

PRKAR1B

GPI

DENND1A

ITGA7

SYNCRIP

RAB40B

CFAP44

GEMIN7

BTBD11

KLHL12

RAB20

DET1

USP47

ZNF383

ZSWIM6

AP1S2

FAM13A

FAM234A

C1orf21

P4HB

PEX26

CCDC69

GAGE12H

PMM2

LYPLA2

ATP6V1C1

MYLIP

ADAMTS17

CPSF2

BLVRA

TCF19

SNRNP40

IER3

NT5C3A

RABL3

SMPD4

PEX10

ATXN2L

LTO1

SFMBT1

LRCH4

ATP6V0A1

TMEM167A

BSDC1

LBHD1

SNRNP25

MCRIP1

MAP3K1

VPS54

THUMPD2

ANKRD27

MYL5

CENPS-CORT

OTUD4

P4HA2

CEBPZ

PDZD8

ZFYVE9

ZDHHC12

BPGM

FH

NSUN3

DISP1

CNN3

MRPL49

TPR

ELOVL2

ZNF23

NPM3

CPQ

MSH2

TARS1

CCT3

DGLUCY

SSX2

ZNF644

ST13

GALNT18

LRSAM1

CEP95

ZNF384

EML4

LRP3

MRPL15

MRPL13

SCRIB

ZMYM2

TADA3

MED26

UBE2K SCLT1

GMPS

PEX19

RBBP8

FKBP15

NPIPB6

FAM81A

CDAN1

ZNF174

ZKSCAN3

DYNC1LI2

C8orf82

NDRG1

FLAD1

GALNT5

AP3S1

FADD

CYP27C1

PALD1

KDSR

FRMD4A

PHF13

SLC35C1

TBL3

MTA3

THOC6

AGPAT3

CD83

PDP2

TAPBP

TMEM33

SPTAN1

ACADS

ACTN2

JCAD

NEU3

FAM149B1

PHF6

UBXN11

ILKAP

RSU1

NSUN6

RAB29

ZKSCAN2

CPED1

SNRNP48

ZNF558

ZFPM2

NF2

SBNO2

COL6A1

FARP2

MTX3

ERG28

MYO1D

IFIT1

PRKG1

EMILIN3

MORN1

H2AJ

KCTD13

NDUFA4

NDUFA2

GALNS

RPGRIP1L

MPRIP

PIP4K2C

LMNB2

CCDC144A

ATP5MJ

DOCK6

PPM1J

MOB4

VCPKMT

ZNF672

ZNF362

USP16

MCL1

CNNM1

PPP4R2

AVEN

SGCE

UPF3A

DCAF10

DUT

CLINT1

MCMBP

COLGALT2

ANXA6

PRKCSH

MYL12B

NAA25

APH1A

ELMO2

KIAA0586

POP1

TMA16

NIF3L1

AK5

SEPTIN6

TRDMT1

PPIL1

CCDC186

TMEM120B

TDRKH

REEP4

FMC1-LUC7L2

TENM3

GMFB

GZF1

IGFL2

NLRP6

MGAT4C

CAPN7

ALG12

BVES

ZNFX1

ZNF607

KLHL23

DHFR2

CCDC80

SLC7A1

GAGE12F

GTPBP4

RAB5A

AP1M1

MRPL10

ACSS2

GCSH

FGFR1

IFNAR1

CHRNA3

PVR
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