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Abstract

The heart employs a specialized ribosome in its muscle cells to translate genetic information into
proteins, a fundamental adaptation with an elusive physiological role. Its significance is
underscored by the discovery of neonatal patients suffering from often fatal heart failure caused
by rare compound heterozygous variants in RPL3L, a muscle-specific ribosomal protein that
replaces the ubiquitous RPL3 in cardiac ribosomes. RPL3L-linked heart failure represents the only
known human disease arising from mutations in tissue-specific ribosomes, yet the underlying
pathogenetic mechanisms remain poorly understood despite an increasing number of reported
cases. While the autosomal recessive inheritance pattern suggests a loss-of-function mechanism,
Rpl3l-knockout mice display only mild phenotypes, attributed to up-regulation of the ubiquitous
Rpl3. Interestingly, living human knockouts of RPL3L have been identified. Here, we report two
new cases of RPL3L-linked severe neonatal heart failure and uncover an unusual pathogenetic
mechanism through integrated analyses of population genetic data, patient cardiac tissue, and
isogenic cells expressing RPL3L variants. Our findings demonstrate that patient hearts lack
sufficient RPL3 compensation. Moreover, contrary to a simple loss-of-function mechanism often
associated with autosomal recessive diseases, RPL3L-linked disease is driven by a combination of
gain-of-toxicity and loss-of-function. Most patients carry a recurrent toxic missense variant
alongside a non-recurrent loss-of-function variant. The non-recurrent variants trigger partial
compensation of RPL3 similar to Rpl3/-knockout mice. In contrast, the recurrent missense variants
exhibit increased affinity for the RPL3/RPL3L chaperone GRWD1 and 60S biogenesis factors,
sequester 28S rRNA in the nucleus, disrupt ribosome biogenesis, and trigger severe cellular toxicity
that extends beyond the loss of ribosomes. These findings elucidate the pathogenetic mechanisms
underlying muscle-specific ribosome dysfunction in neonatal heart failure, providing critical
insights for genetic screening and therapeutic development. Our findings also suggest that gain-
of-toxicity mechanisms may be more widespread in autosomal recessive diseases, especially for
those involving genes with paralogs.
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Main

The heart is a remarkable organ, beating continuously throughout a human lifetime with a minimal
need to replenish its muscle cells (cardiomyocytes)*. This extraordinary durability is attributed to
many unique adaptations in cardiomyocytes. One of the most fundamental yet least understood
adaptations is that cardiomyocytes use a specialized ribosome to decode genetic information and
synthesize proteins®*. Although ribosomes in all cells use the same genetic code, the composition
of the ribosome itself—a delicate molecular machine comprising 80 ribosomal proteins and 4
ribosomal RNAs (rRNAs)—can differ across cell types>*!. The most striking variation occurs in
cardiomyocytes. During vertebrate heart development, the ubiquitous core ribosomal protein L3
(RPL3), which makes the closest contact of any protein to the ribosome's RNA-based catalytic
center®?, is gradually replaced by its paralog, RPL3-like (RPL3L)%* 3. RPL3L shares 74% amino acid
identity with RPL3% 3 and eventually becomes the dominant form in adult human left ventricular
cardiomyocytes (95%)%, to a lesser extent in skeletal muscle (60%), and barely detectable in non-
muscle cells'®. Interestingly, this switch is reversed during adult muscle growth (hypertrophy)
following injury or atrophy® '® 7. The physiological role of this highly conserved and tightly
regulated ribosomal switching remains poorly understood, highlighting a crucial gap in our
understanding of cardiac biology at the most fundamental level.

The essential role of RPL3L and the specialized ribosome in the heart is underscored by an
increasing number of severe neonatal dilated cardiomyopathy (DCM) cases linked to biallelic
variants in RPL3L'®23. This has been designated as a new DCM subtype, Dilated Cardiomyopathy-
2D (CMD2D, OMIM# 619371). It stands out as most known DCM genes encode proteins associated
with the sarcomere?*2®, the contractile unit of the muscle. RPL3L-linked DCM was the first—and
remains the only—known human disease caused by mutations in tissue-specific ribosomes.
Among seven independent affected families, individuals with mutations in both RPL3L alleles
consistently develop severe DCM, often resulting in fatal heart failure'®?3. In contrast,
heterozygous parents and siblings carrying a single mutant allele remain unaffected with the early
onset CMD2D. While the autosomal recessive inheritance pattern suggests a loss-of-function of
these alleles and RPL3L deficiency as the likely cause of DCM, Rp/3/ knockout (KO) mice generated
by multiple labs display only mild cardiac dysfunction® ¢ 2728 This is unexpected given the 96%
homology between human and mouse RPL3L proteins and that the highly regulated RPL3-RPL3L
switch is also conserved in mice?®.

The discrepancy between early onset fatal disease in humans and mild phenotypes in mice
suggests either species-specific differences in heart biology or that the DCM-causing autosomal
recessive RPL3L mutations have effects beyond simple loss-of-function, rendering them unsuitable
for modeling with KO mice. While rarely reported, autosomal recessive mutations can cause
disease via toxic gain-of-function?®. Notably, in all Rp/3/ KO mouse models, regardless how they
were generated—whether through a frameshifting deletion of the entire exon 2% short
frameshifting deletions in exon 5'® 27, or poly(A) insertion in exon 1?2—there is a consistent up-
regulation of the ubiquitous paralog Rpl3. This compensatory increase in Rpl3 likely explains the
absence of a severe cardiac phenotype in mice, as Rpl3 is expected to largely fulfill the functional
role of Rpl3l. The molecular mechanism underlying the Rp/3 compensation remains unclear.
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99  Whether a lack of RPL3 compensation in human underlie the severe DCM symptoms remains
100  unexplored. A deeper understanding of the pathogenetic mechanism of RPL3L-linked DCM,
101 including whether RPL3 compensation occurs and how to activate the compensation, may inform
102 future management and the development of new therapeutics for these patients.

103 To date, more than ten RPL3L mutations have been associated with neonatal DCM*-23, with new
104  variants identified in every affected family. The relative importance of these variants in disease
105  remains unclear, as no functional characterizations have been performed. Here, we report two
106  new cases of RPL3L-linked DCM that along with previous cases highlight the existence of two
107  hotspot variants, suggestive of allele-specific pathogenetic mechanisms. We systematically
108  validated these hypotheses using patient tissue and isogenic cell lines expressing various RPL3L
109  variants.

110  Hotspot G27D and D308N/V are potential driver mutations

111  We identified two additional unrelated cases of RPL3L-associated early onset CMD2D, increasing
112 the total number of affected families to nine (Supplemental Information). Similar to previously
113 reported cases'®?3, both of the two families are associated with compound heterozygous variants,
114 i.e., each affected individual carry two different variants on separate alleles.

115

116  Interestingly, both cases share D308N as one of the variants: D308N/R58Q and
117  D308N/T340Nfs*25 (c.1080dup), respectively. A review of all the cases of RPL3L-linked DCM
118  reveals that while mutations are distributed across nearly the entire RPL3L protein (Fig. 1a-b), two
119  notable hotspots emerge: glycine at position 27 (G27) and aspartic acid at position 308 (D308) (Fig.
120  1a). Specifically, the G27D mutation is present in three of the nine families, while mutations at
121 D308 (D308N and D308V) appear in four additional families. These nine families originate from six
122 different countries and are presumed to be unrelated. For example, the three families carrying the
123 G27D variant are located in the United States, Spain, and China.

124

125  Although all RPL3L variants implicated in DCM are exceedingly rare in the general population (<10
126 * gnomAD3Y), the two hotspot variants (G27D and D308N/V) have even lower allele frequencies
127  (<10°) compared to other DCM-linked RPL3L variants (Fig. 1c), indicating stronger negative
128  selection and greater deleterious effects. Indeed, G27D and D308N/V are predicted to be highly
129  pathogenic by AlphaMissense®!, a state-of-the-art deep learning model that builds on the protein
130  structure prediction tool AlphaFold232. The low allele frequencies of these mutations in the
131  general population further argue against the hypothesis that the recurrence of G27D and D308N/V
132 in patients is due to increased mutability of the DNA bases. The recurrent occurrence of these
133 ultra-rare missense mutations in a substantial proportion of DCM families strongly challenges a
134 loss-of-function mechanism, particularly given the high conservation of much of the protein and
135  the fact that neither G27 nor D308 is among the residues known to be critical for RPL3/RPL3L's
136  role in the ribosome. Together, G27D and D308N/V account for 78% (7/9) of RPL3L-linked DCM
137  families, positioning them as the primary driver mutations in the disease.
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138  Notably, the ten missense variants can be divided into two groups when considering allele
139  frequency and pathogenicity predicted by AlphaMissense (Fig. 1c). In addition to the hotspot
140  mutations G27D and D308N/V, the high-pathogenicity group includes the V231F mutation,
141  another extremely rare (~10°) mutation in the population and predicted to be highly pathogenic
142 by AlphaMissense. It is possible that with more cases to be discovered, V231F may also be found
143 to be a hotspot mutation similar to G27D and D308N/V in the same group. Variants in the low-
144  pathogenicity group are more frequent (still very rare, 10> to 10%) and predicted to be less
145  pathogenic (Fig. 1c). Interestingly, with the exception of the homozygous R116H mutation
146  (identified in a consanguineous population?!), each affected individual carries one mutation from
147  the high-pathogenicity group and another mutation from the low-pathogenicity group (linked by
148  dashed lines).

149  Consistent with the absence of a severe cardiac phenotype in Rp/3/ KO mice, live human knockouts
150  of RPL3L have been identified in large-scale genetic studies, including gnomAD?°, All of Us33, and
151 UK Biobank®* (Fig. 1d). One individual carries a premature stop codon at arginine 226 in both
152  alleles (R226X), truncating nearly half of the protein (full-length RPL3L is 407 amino acids), a
153  mutation almost certainly resulting in loss-of-function. Additionally, a total of 17 individuals are
154  homozygous for a splice donor variant previously shown to cause exon 9 deletion, which removes
155 a highly conserved 40-amino-acid region in RPL3L3>. Although this splice donor variant is
156  associated with an increased risk of atrial fibrillation (OR: 1.50) in a genome-wide association
157  study?®®, homozygous individuals carrying this variant appear to be alive and do not exhibit early-
158  onset severe DCM. There are also nine putative knockout humans in the Regeneron Genetics
159  Center Million Exome (RGC-ME) database3® although detailed information about these variants is
160  not available. The lack of severe cardiac dysfunction in both putative RPL3L KO humans and Rp/3/
161 KO mice strongly suggests that the missense RPL3L mutations identified in DCM patients are not
162 simply loss-of-function variants.

163  In summary, genetic evidence indicates that hotspot missense mutations at G27 and D308 in
164  RPL3L likely cause DCM through a mechanism other than loss-of-function, despite an autosomal
165  recessive inheritance pattern.

166  Ribosome defects in explanted patient hearts

167  To investigate the pathogenic mechanisms of RPL3L mutations in DCM, we initially focused on a
168  patient carrying the hotspot D308N allele and the T189M missense allele. This patient, diagnosed
169  and treated at our center, underwent heart transplantation and is alive to date*®. Using explanted
170  heart ventricular tissues, we extracted total RNA to perform RNA-seq and compared the results to
171  age-matched control healthy heart ventricular tissues.

172 Unexpectedly, we observed an abnormality when the total RNA was subjected to Bioanalyzer
173 electrophoresis for quality check (Fig. 2a). Specifically, there is a drastic reduction in the 28S rRNA
174  peakrelative to the 18S peak. The 28S rRNA is the scaffold of the 60S large subunit of the ribosome.
175  RPL3L (and the paralog RPL3) is a core component of the 60S subunit and plays a vital role in 60S
176  ribosome biogenesis via its interaction with the 285 rRNA3’. The loss of 285 rRNA indicates a defect
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177  in 60S ribosome biogenesis in patient cells, presumably due to the D308N/T189M mutations in
178  RPL3L.

179  The RNA-seq data revealed widespread alterations in gene expression, including 1,639 significantly
180  up-regulated genes and 2,361 significantly down-regulated genes (Fig. 2b). Pathway analyses
181  confirmed up-regulation of gene signatures associated with systolic heart failure and apoptosis,
182  and interestingly, a massive up-regulation of genes associated with fetal cardiac myeloid cells,
183  consistent with increased inflammation in failing hearts3® (Fig. 2c).

184 In line with impaired ribosome biogenesis, many ribosomal protein genes are differentially
185  expressed, with more down-regulated than up-regulated (Fig. 2b). RPL3L is down-regulated by
186  approximately two-fold, although not significantly (adjusted P = 0.6). Both D308N and T189M
187  alleles are expressed at a similar level as indicated by sequencing read coverage (Fig. 2d).

188  Surprisingly, unlike the robust increase of Rp/3 mRNA and protein in Rp/3/ KO mice, there was no
189  compensatory up-regulation of RPL3 mRNA in the patient’s heart tissue (Fig. 2b). Instead, RPL3 is
190  slightly down-regulated (by 24%, adjusted P=0.66) like many other ribosomal protein genes.

191  To confirm the lack of RPL3 compensation in the DCM heart tissue, we also examined protein
192 expression using mass spectrometry. Indeed, when normalized to the total abundance of 40S
193  ribosomal proteins, there is a significant decrease in RPL3 abundance with no change in RPL3L (Fig.
194  2e). Consistent with a 60S biogenesis defect, there is a mild but significant decrease in total 60S
195  ribosomal protein level relative to that of the 40S. Similar to the RNA-seq data (Fig. 2d), the D308N
196  allele is expressed at a comparable level as the T189M allele (Fig. 2f).

197  In the absence of compensatory RPL3 up-regulation, there will be a shortage of functional 60S
198  ribosomes in patient cells, as neither functional RPL3L nor RPL3 is present. Given the critical role
199  of ribosomes in cellular function, the loss of functional ribosomes likely contributes to
200  cardiomyocyte death and the progression of DCM. While caveats remain (see Discussion), the lack
201  of RPL3 compensation observed in human DCM patients underscores a critical divergence from
202  the Rp/3/ KO mouse model and suggests that at least one of the two missense RPL3L variants
203  (D308N and T189M) are unlikely to function as simple loss-of-function alleles.

204  In summary, analysis of explanted heart tissues from DCM patients demonstrates a defect in 60S
205  ribosome biogenesis and a lack of RPL3 compensation. These defects likely contribute to the loss
206  of functional ribosomes, cardiomyocyte death, and the development of heart failure in RPL3L-
207  linked DCM.

208  Hotspot variants gain toxic function to drive ribosome biogenesis defects and cellular toxicity

209 It remains unclear whether the ribosome biogenesis defect observed in explanted patient tissue
210  is caused by the hotspot D308N mutation or the accompanying T189M allele. Both alleles are
211  expressed at comparable levels with no significant allele imbalance (Fig. 2d and Fig. 2F).
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212 To determine the individual impact of these alleles, we generated isogenic cell lines expressing
213 various RPL3L variants in the absence of RPL3 (Fig. 3a). These cell lines were derived from human
214 AC16 cells, ventricular cardiomyocyte-like cells commonly used to study cardiac gene expression
215  and function®, including the regulation of ribosomes and translation in cardiac hypertrophy*°.
216  While AC16 cells do not fully recapitulate primary cardiomyocytes, our results described below
217  demonstrate their suitability for studying ribosome-related processes. Of note, RPL3L is not
218  expressed in iPSC-derived cardiomyocytes (iPSC-CMs) (Extended Data Fig. 1), consistent with the
219  notion that iPSC-CMs resemble immature fetal cardiomyocytes*" 42, while RPL3L expression is
220  restricted to mature cardiomyocytes.

221  Wild-type AC16 cells naturally express only RPL3, not RPL3L. To switch to RPL3L variants, we first
222 introduced a doxycycline (dox)-inducible shRNA targeting RPL3 to deplete RPL3 in an inducible
223 manner. This cell line (shRPL3-only) serves as a critical baseline control for the cellular defect and
224 toxicity caused by the loss-of-function of ribosomal proteins. Using shRPL3-only cells, we further
225  integrated a second dox-inducible transgene expressing HA-tagged RPL3L, either the wild type or
226  variants (Fig. 3a). In addition to DCM-linked RPL3L variants, we also included a common SNP
227  (rs34265469) predicted to result in a benign missense variant (P291L). This SNP is the most
228  common missense variant in RPL3L, with an allele frequency of 4.26% (TOPMed) and is
229  homozygousin at least 715 living individuals. This isogenic system enabled allele-specific switching
230  from RPL3 to RPL3L at physiological level upon dox treatment (Fig. 3b-c).

231  Using these isogenic cell lines, we found that the loss of the 28S rRNA observed in the explanted
232 patient heart tissue (Fig. 2a) was faithfully recapitulated in cells expressing the D308N allele, but
233 notin those expressing the T189M allele (Fig. 3d). Notably, the loss of 28S rRNA in D308N cells is
234 much stronger than that of the shRPL3-only cells (Fig. 3d). Given that the only difference between
235  these two cell lines is the expression of the D308N variant, the stronger defect indicates toxic gain-
236  of-function of the D308N variant. Additionally, the weaker effect in the shRPL3-only cells suggests
237  that ribosome loss alone is insufficient to fully account for the defects observed in patients (Fig.
238  2a).

239  Consistent with 60S ribosomal subunit biogenesis defects, sucrose gradient sedimentation
240  revealed a dramatic reduction in 60S but not 40S ribosomal subunits in D308N-expressing cells
241  compared to WT, SNP, or T189M cells (Fig. 3e). Accordingly, monosomes (80S) and translating
242 polysomes (poly-ribosomes), both of which contain 60S, are also depleted in D308N-expressing
243 cells (Fig. 3e). Notably, the loss of polysomes in D308N-expressing cells is comparable to cells not
244 expressing any RPL3L variant (shRPL3-only) (Fig. 3e), suggesting the D308N variant of RPL3L almost
245  completely blocks ribosome biogenesis.

246  In line with a severe loss of ribosomes, D308N-expressing cells exhibited a severe growth defect
247  (Fig. 3f, note that the y-axis is on a logarithmic scale). Expressing D308N for 10 days led to a 40-
248  fold reduction in cell counts (compared to RPL3L-WT cells, Fig. 3f, green vs. red). Interestingly,
249  cells expressing the D308N variant exhibit a 6.4-fold greater growth defect compared to cells
250  lacking RPL3L expression (shRPL3-only) (green vs. blue, Fig. 3f), again suggesting toxic gain-of-
251  function. Of note, the control cell line expressing RPL3 (shScramble) grew faster than cells
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252 expressing wild type RPL3L (RPL3L-WT), mirroring a previous mouse study showing that Rpl3l
253  expression is associated with reduced protein synthesis and slower muscle cell growth?.
254  Interestingly, cells expressing the T189M variant of RPL3L grew faster than cells expressing the
255  wild type RPL3L, which may be attributed to a higher expression of RPL3 in this cell line (Fig. 3b,
256  also see below the discussion on RPL3 compensation). The lack of deleterious effects associated
257  with the T189M variant aligns with its low pathogenicity prediction by AlphaMissense (Fig. 1c) and
258  is further supported by the presence of a living homozygous T189M individual in the population
259  genotyped in TOPMed. Taken together, these results indicate that the D308N variant is a toxic
260  gain-of-function variant and the primary driver of the disease in the patient carrying D308N and
261  T189M.

262  Next, we investigated the other hotspot variant G27D, together with the R161W allele found in
263  the same affected individual®. Similar to the D308N variant, cells expressing the G27D variant
264  grew substantially slower than those expressing the wild-type RPL3L allele (33-fold fewer cells by
265 day 10, Extended Data Fig. 2a), whereas cells expressing the R161W variant grew slightly faster
266  than cells expressing the WT RPL3L, similar to TI89M. Consistent with a growth defect, G27D but
267  not R161W-expressing cells are depleted of 60S and 80S ribosomes as well as polysomes
268  (Extended Data Fig. 2b). These findings confirm that the hotspot variants G27D and D308N, but
269  not their co-inherited non-hotspot variants T189M and R161W, are responsible for ribosome
270  biogenesis defects and cellular toxicity.

271  Hotspot variants mislocalize and alter interactions with ribosome biogenesis factors

272 To further explore the molecular basis of the toxic gain-of-function of the hotspot variants, we
273 examined the subcellular localization of RPL3L variants using fluorescence imaging of the HA tag.
274 In contrast to the predominantly cytoplasmic localization of the wild-type RPL3L and the common
275  SNP variant expected from a ribosomal protein, the hotspot variants D308N and G27D both
276  exhibited nearly exclusive nuclear localization (Fig. 4a, green, quantified in Fig. 4b). Given the role
277  of RPL3/RPL3Lin 60S ribosome biogenesis, this mislocalization of the hotspot variants likely disrupt
278  60S ribosome assembly. Supporting this, fluorescent probes for 28S rRNA revealed a significant
279  decrease in cytoplasmic 28S rRNA levels in D308N or G27D-expressing cells relative to the nucleus
280  (Fig. 4a, red, quantified in Fig. 4c). Notably, this 28S rRNA localization defect was not observed in
281  cells not expressing any RPL3L variant (shRPL3-only), consistent with a toxic gain-of-function of
282  both hotspot variants.

283  To gain biochemical insights into the toxicity associated with the hotspot variants, we profiled the
284  interactomes of RPL3L variants by using immunoprecipitation against HA-tag followed by mass
285  spectrometry in triplicates. Given the exclusive nuclear localization of the hotspot variants, we
286  used nuclear lysate as input for all samples. Interestingly, principal component analysis (PCA) of
287  the proteomics data separates the two hotspot variants from the rest in the first principal
288  component (PC1), suggesting dramatic rewiring of the interactome for hotspot variants (Fig. 4d).
289  The second principal component (PC2) separates the three nuclear variants (G27D, D308N, and
290  R161W) from the two cytoplasmic variants (T189M and WT). Interestingly, the top two proteins
291  driving the separation of hotspot variants from other variants both exhibit increased affinity for
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292 the hotspot variants, supporting the concept of toxic gain-of-function effects (Fig. 4e). These two
293  proteins, GRWD1 and C7ORF50, although less studied in humans, have yeast homologs (Rrb1 and
294 Rbp95, respectively) that directly interact with yeast Rpl3 during 60S ribosome biogenesis. GRWD1
295  serves as the dedicated chaperone for RPL3 (and likely RPL3L as well), binding RPL3 co-
296  translationally to prevent its aggregation and degradation, ensuring its proper delivery to the
297  assembly site on nucleolar pre-60S particles***>. The other protein, C7ORF50, interacts with RPL3
298  both genetically and physically, binding adjacent to RPL3 on the 28S rRNA during early pre-60S
299  ribosome biogenesis*®*8, Several other 60S biogenesis factors, including RRP154°, EBNA1BP2°C,
300 DDX24°, NOP56*/, and MRTO4>? also exhibited enrichment in the nuclear pulldown of RPL3L
301  variants (Extended Data Fig. 3). The sequestration of these essential 60S ribosome biogenesis
302  factors by hotspot variants likely underlies the 60S biogenesis defect and contributes to the toxic
303  gain-of-function effects associated with these variants.

304

305 In summary, our subcellular localization analysis and nuclear protein interactome profiling using
306 isogenic cell lines reveal that the hotspot variants D308N and G27D mislocalize to the nucleus,
307 leadingto nuclear retention of 28S rRNA. This toxic effect is likely driven by their enhanced binding
308 to the dedicated RPL3/RPL3L chaperone GRWD1 and 60S ribosome biogenesis factors, including
309 C70RF50.

310 Non-hotspot variants drive post-transcriptional RPL3 compensatory up-regulation

311  Intriguingly, the non-hotspot R161W allele, identified in the same affected individual as the
312  hotspot G27D, also mislocalizes to the nucleus (Fig. 4a-b). However, unlike the hotspot variants
313 and consistent with its lower predicted pathogenicity (Fig. 1c), R161W does not cause nuclear
314  sequestration of 28S rRNA (Fig. 5a/c), nor does it lead to a ribosome biogenesis defect (Extended
315 Data Fig. 2a) or cell toxicity (Extended Data Fig. 2b). Western blot analysis of the polysome
316 fractions confirmed the absence of R161W from these ribosomes (Extended Data Fig. 4).

317  Toinvestigate how ribosomes can still function in the absence of cytoplasmic RPL3L, we examined
318  the expression of RPL3, which was expected to be silenced by an shRNA induced alongside the
319 R161W allele upon dox treatment (Fig. 3a). Unexpectedly, while RPL3 remained silenced in cells
320  expressing most RPL3L alleles, its expression was almost fully restored in cells expressing the
321  R161W allele, and to a lesser extent in those expressing the T189M allele, at both the mRNA (Fig.
322 5a) and protein (Fig. 5b) levels. Importantly, there was no significant change in the expression of
323  the RPL3-targeting shRNA (Extended Data Fig. 5), ruling out the possibility that RPL3 recovery was
324 due to loss of shRNA-mediated knockdown in cells expressing R161W or T189M. These results
325  suggest that, similar to Rp/3/-KO mice, the expression of the non-hotspot RPL3L alleles R161W and
326  T189M leads to compensatory up-regulation of RPL3, suggesting that these alleles are functionally
327  equivalent to a knockout of RPL3L. Supporting a model in which compound heterozygotes carry a
328  toxic hotspot variant alongside a loss-of-function variant, frameshifting variants were identified in
329  three of the seven families with hotspot variants (Fig. 1a).

330  Toelucidate the mechanism behind this RPL3 compensation, we first examined the transcriptional
331  activity at the RPL3 promoter using chromatin immunoprecipitation (ChlIP) against RNA
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332 polymerase Il (Pol II). No significant differences in transcriptional activity were observed between
333 cells expressing G27D and R161W (Fig. 5c). Additionally, gPCR measurements of nascent
334  transcription from intronic RNA showed no significant differences (Extended Data Fig. 6), ruling
335  out transcriptional up-regulation as the mechanism of RPL3 compensation.

336  We then assessed the stability of RPL3 mRNA by inhibiting global transcription with the RNA Pol I
337 inhibitor a-amanitin and measuring the decay of RPL3 mRNA over time. Compared to cells
338  expressing the G27D allele, RPL3 mRNA was significantly more stable in cells expressing the
339 R161W allele (Fig. 5d, P < 0.05). Consistent with a post-transcriptional mechanism, the increase in
340  steady-state RPL3 level was primarily due to increased cytoplasmic RPL3, with no significant
341  change in the nuclear fraction (Fig. 5e).

342 In summary, unlike the two hotspot alleles, G27D and D308N, which exhibit a gain-of-toxic
343 function, the non-hotspot alleles R161W and T189M resemble a knockout effect, promoting
344  compensatory upregulation of RPL3 by stabilizing its mMRNA.

345 Impaired protein synthesis in engineered compound heterozygous cells

346  RPL3L-linked DCM patients often carry a combination of a hotspot allele and a non-hotspot allele,
347  such as the D308N/T189M and G27D/R161W pairs we have characterized. In our analysis of
348 explanted heart tissue from patients carrying the D308N/T189M alleles, both alleles were
349  detected at the RNA (Fig. 2d) and protein levels (Fig. 2f). Given the opposing effects of the hotspot
350 and non-hotspot alleles on ribosome biogenesis and cell growth (Fig. 3-5), we sought to explore
351  the impact of these alleles when both are present in the same cell, as is common in most DCM
352 patients.

353  To address this, we introduced the G27D allele into cells expressing the R161W allele, creating a
354  model of compound heterozygous cells that mirror those found in DCM patients. We chose R161W
355  over T189M because R161W triggers a stronger compensatory up-regulation of RPL3 (Fig. 5a-b).
356  Using a puromycin incorporation assay to measure nascent protein synthesis, we observed a
357  significant reduction in protein synthesis rates in the compound heterozygous cells compared to
358  those expressing R161W alone, though the rate was still higher than in cells expressing G27D alone
359  (Fig. 6a-b). This reduced protein synthesis rate aligns with the observed detrimental effects of
360 compound heterozygous RPL3L alleles in humans.

361 Interestingly, RPL3 compensation remained unaffected in the compound heterozygous cells
362 compared to cells expressing R161W alone (Fig. 6¢). This suggests that the compensatory up-
363  regulation of RPL3 is not sufficient to overcome the toxic effects of the G27D allele.

364 Discussion

365 Inthis study, we reported two new cases of severe neonatal heart failure caused by mutations in
366  the muscle-specific ribosomal protein RPL3L and uncovered a complex mechanism by which these
367  mutations cause disease. Our study revealed a pattern hidden in the large number of variants
368  found in patients. Specifically, a small number of recurrent, toxic variants co-occur with likely loss-
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369  of-function variants in each affected individual. Our study suggests an unexpected pathogenetic
370  mechanism—autosomal recessive mutations exerting gain-of-toxic function other than merely
371  loss-of-function effects—underlie the severe heart defects in humans and may also explain the
372  lack of phenotype in Rp/3/ KO mice. Here we discuss the significance of our discovery as well as
373  questions remain to be addressed.

374  DCM is a leading cause of heart failure, with nearly half of all cases—and two-thirds of pediatric
375  cases—remaining of unknown etiology?* 2> >3 >4 This underscores the urgent need to identify and
376  understand novel pathogenic mechanisms to improve management and treatment. The advent of
377  accessible human exome sequencing and whole-genome sequencing has led to a renaissance in
378  thediscovery of causal disease genes for DCM, including in pathways not previously known to have
379  specific cardiac function®. This itself has resulted in a lag between causal gene discovery and
380 research underlying disease mechanisms®. In the case of RPL3L, there has been no functional
381 studies to understand how mutations on the cardiac ribosome cause DCM. Here, we address this
382  gap by experimentally characterizing multiple RPL3L mutations, uncovering their impact on
383  ribosome biogenesis, protein synthesis, and cell viability.

384  Our findings suggest that rather than a simple loss-of-function mechanism, these autosomal
385  recessive missense mutations in RPL3L cause disease via a combination of gain-of-toxicity and loss-
386  of-function mechanism, supported by both genetic and biochemical evidence. Hotspot variants in
387 rare diseases are more commonly associated with toxic effects or even dominant-negative traits>’-
388  *°. Despite their rarity in the general population, missense mutations G27D and D308N/V occur in
389  seven out of nine unrelated DCM patient families. Mechanistically, hotspot variants of RPL3L
390  mislocalize to the nucleus and disrupt ribosome biogenesis when expressed in human cells,
391  recapitulating the 28S rRNA loss observed in explanted patient hearts carrying the same mutation.
392  Mislocalization of hotspot variants also caused 28S rRNA retention in the nucleus, a defect not
393  seen with RPL3 knockdown, indicating toxicity beyond loss-of-function. This toxic effect is likely
394  caused by enhanced binding to GRWD1 and other ribosome biogenesis factors. Ribosome
395  biogenesis defects result in the loss of global protein synthesis and reduced cell viability, again
396  beyond the simple loss of ribosomes. Future studies, especially in vivo studies will be needed to
397  elucidate how these molecular and cellular defects lead to organ level failure.

398  Autosomal recessive mutations in Mendelian disorders are typically considered loss-of-function
399  mutations®. Rarely do they cause disease via gain-of-toxicity or dominant-negative mechanisms.
400  The only prior example known is the A673V missense mutation in the B-amyloid (AB) precursor
401 protein (APP), associated with familial Alzheimer's disease??. In this case, the mutant allele in the
402  homozygous state enhances AP peptide production, promoting the formation of amyloid fibrils,
403  the primary trigger of Alzheimer’s disease. In heterozygous individuals, however, the coexistence
404  of wild-type and mutant AB peptides inhibits amyloidogenesis relative to either mutant or wild-
405  type AB peptide alone. This inhibition is likely due to conformational incompatibility between the
406  wild-type and mutant AB peptides. For RPL3L-linked heart failure, there are several possibilities
407  for why heterozygous members of families carrying the recurrent and toxic variant (e.g., G27D and
408  D308N/V) have not developed severe disease. The presence of the wild type RPL3L protein will
409 likely reduce the toxicity and result in incomplete penetrance or much delayed onset of the disease.
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410  One plausible mitigation mechanism is that these RPL3L hotspot variants form aggregates similar
411  to AB, with wild-type RPL3L in heterozygous cells preventing such aggregation and mitigating the
412  pathogenic effects.

413  Compensation by the paralog RPL3, triggered by RPL3L loss-of-function, likely explains why severe
414  disease arises only from a combined gain-of-toxicity and loss-of-function mechanism, rather than
415  loss-of-function alone. Genetic compensation by paralogs is well-documented, although the
416  underlying molecular mechanisms often remain unclear®3, The increased expression of Rp/3
417  observedin Rp/3/ KO mice has been proposed to explain the absence of severe cardiac phenotypes
418  inthese animals, but the molecular basis of this compensation is not yet understood. In this study,
419  we demonstrate that non-hotspot missense mutations, such as R161W, also up-regulate RPL3
420  expression in human cells. This up-regulation occurs through stabilization of cytoplasmic RPL3
421  mRNA without transcriptional activation. However, the RPL3 compensation induced by the R161W
422  variant does not fully counteract the toxic effects of the G27D variant when co-expressed in
423 human cells. These findings suggest that enhancing RPL3 compensation alone may be insufficient
424  as atherapeutic strategy for patients carrying toxic RPL3L mutations.

425  We observed no significant RPL3 compensation in failing hearts explanted from human DCM
426  patients with RPL3L mutations, in stark contrast to the robust up-regulation of Rp/3 observed in
427  Rpl3/ KO mice. This difference may help explain the discrepancy in disease manifestation between
428  humans and mice. However, our analysis has several limitations. The comparison was made
429  between DCM patient ventricular tissues and three age-matched healthy controls, which showed
430  considerable variation in RPL3 expression. Moreover, these controls were from individuals without
431  cardiomyopathy or other cardiac conditions. Since the RPL3/RPL3L switch is known to be regulated
432 during muscle hypertrophy, it remains challenging to determine whether changes in RPL3
433 expression—or the lack thereof—are a cause or consequence of DCM. Future studies, including
434 mouse models carrying human-specific mutations, will be essential to confirm these findings and
435  further elucidate the underlying mechanisms.

436  In conclusion, our systematic genetic and functional analyses provide new insights into the
437  pathogenesis of heart failure caused by mutations in muscle-specific ribosomes, uncovering a
438  novel mechanism involving gain-of-toxic effects of recessive mutations. These findings lay the
439  groundwork for understanding other RPL3L variants and offer a foundation for developing
440  targeted therapies. Our findings also suggest that gain-of-toxicity mechanisms may be more
441  widespread in autosomal recessive diseases involving genes with paralogs.
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461
462 Materials and Methods

463  Cell Culture, Drugs and Transfection

464 AC16 cells were cultured at 37°C, 5% CO, in low-glucose DMEM (Fisher; 11-885-084)
465  supplemented with 10% FBS. HEK293T cells were cultured in DMEM with 10% FBS. For
466  immunofluorescence assays, 2 x 10° cells were plated in 6 well plates and incubated for 24 hours.
467  For stable cell generation, EZ-Tet-RPL3-shRNA was co-transfected with CMV-dR8.91 and MD2.G
468  plasmids for 72 hours in HEK293T cells to produce virus. The media was centrifuged for 5 minutes
469  atRT, filtered using 0.45um Syringe Filter Unit (Fisher), and 200ul viral media was added to 2 x 10°
470  AC16 cells for 48 hours prior to selection using 200ug/ml Hygromycin B until control cells (non-
471  transduced) were dead. For stable generation of pLenti-RPL3L, procedure was followed as above
472  except transduction was carried out on EZ-Tet-RPL3-shRNA/AC16 cells and selection was carried
473  out by sorting for BV421-positive cells. For mRNA stability assay, AC16 cells were treated with
474  50mg/ml a-amanitin for the indicated time points.

475

476  Plasmids

477  To generate plasmid expressing shRNA against RPL3, a reported high efficiency shRNA sequence
478  for RPL3 was identified (Sigma) and ~70nt single stranded oligos were ordered from IDT and
479  annealed by heating to 95°C and cooled at a rate of 5°C mint. Double-stranded oligos had two 5’
480  overhangs corresponding to Nhel and EcoRl sites, respectively. dsDNA oligos were ligated to EZ-
481  Tet-pLKO-Hygro (Addgene; 85972) using Quick Ligation Kit (NEB), producing Tet-inducible RPL3
482  shRNA vector. The plenti-RPL3L plasmid was derived from pLentiRNACRISPR_007 (Addgene;
483  138149). A gene fragment containing the wild-type human RPL3L sequence with a C-terminal HA
484  tag was delivered on pUC57 (Genewiz). PCR products for wild-type RPL3L-HA derived from pUC57,
485  the pLentiRNACRISPR_007 backbone, and EBFP (unpublished in-house plasmid) with overlapping
486  ends were assembled via Gibson cloning using NEBuilder HiFi DNA Assembly Master Mix (NEB),
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487  producing Dox-inducible RPL3L and constitutive EBFP expression. To obtain RPL3L mutation
488  plasmids, primers (Supplementary Table) were designed against pUC57-RPL3L-HA with single
489  nucleotide substitutions in the 5" region of the forward primer sequence. Mutagenesis was
490  performed using Site Directed Mutagenesis Kit (NEB) as per the manufacturer’s instructions.
491  plenti-RPL3L mutations were derived similarly to the wild-type as above.

492

493  Immunofluorescence and FISH

494 15,000 cells were seeded on Lab-Tek Il (Thermo) chamber slides and grown overnight. Cells were
495  washed once with PBS and fixed in 300ul PFA at room temperature for 15 minutes. Fixed wells
496  were washed 3x with PBS for 3 minutes, permeabilized in 0.5% Triton X-100 in PBS for 15 minutes,
497  washed 3x, and incubated in 3% BSA in PBS for 1 hour to block. Cells were then incubated in 3%
498  BSA containing primary antibody overnight at 4°C, washed 3x in PBS, then incubated for 1 hour at
499  room temperature in secondary antibody protected from light. After washing 3x, cells were
500 incubated in 1:1000 DAPI solution for 5 minutes, washed 3x, then imaged using a Nikon Eclipse Ti
501  Series confocal microscope equipped with 60x lens performed at Columbia University’s Confocal
502 and Specialized Microscopy Core. RPL3L was detected using anti-HA (Thermo; 2-2.2.14).
503  Secondary staining was accomplished using goat anti-rabbit IgG (H+L) Alexa Fluor 488 (Invitrogen)
504  and goat anti-mouse IgG (H+L) Alexa Fluor 594 (Invitrogen). For rRNA FISH, cells were fixed as
505  above but permeabilized with 70% ethanol for at least 1 hr. Custom designed 28S rRNA FISH
506  probes (Supplementary Table) were designed conjugated to CAL Fluor® Red 590 dye (Stellaris) and
507  incubated with fixed samples for 16 hours in the dark. After washing using wash buffers A + B
508  (Stellaris), samples were incubated with primary anti-HA antibody as above.

509

510  Polysome fractionation

511  Sucrose gradient density ultracentrifugation was used to separate the monosomal and polysomal
512 ribosomal fractions. For human cell experiments, AC16 cells were grown in 15cm dish were lysed
513 by adding 800ul of ice-cold lysis buffer (20mM HEPES, 150mM KCI, 10mM MgCl,), plus 0.5% NP-
514 40, 1x EDTA-free Protease Inhibitor Cocktail (PIC; Roche)), 2.5mM DTT, 25 U ml™* Turbo DNase |
515  (Invitrogen)), 10U SuperaselN (Thermo), 2mM Vanadyl Ribonucleoside Complex (NEB) and
516  100ug/ml CHX (Sigma) directly to the plate and scraping. Lysed material was transferred to 1.5ml
517  centrifuge tube then triturated 10x with 23-gauge syringe. Samples were incubated in 4°C for 30
518  minutes with rotation to complete lysis, then centrifuged at 14,000g for 7 minutes. Supernatant
519  was transferred to new tube and 700ul of lysate was loaded onto a 10-50% sucrose gradient,
520  before ultracentrifugation at 38,000rpm for 2 hours. The sucrose gradient was made by combining
521  10% and 50% sucrose solutions in lysis buffer, plus 2.5mM DTT, 160U SuperaselN, and 100ug/ml
522 CHX. Both gradient formation and fractionation was performed on a Biocomp Gradient Profiler
523  (Biocomp). For protein extraction post-fractionation, 1 volume of TCA to 4 volumes of protein
524  sample was added, incubated for 10 minutes on ice, then span at 14,000rpm for 5 minutes at 4°C.
525 Pellet was washed twice with ice-cold acetone and dried at 95°C for 5 minutes. For SDS-PAGE, 4x
526  Sample reducing agent (GenScript) diluted 1:1 in RIPA was added to dry pellet and heated for an
527  additional 5 minutes at 95°C.

528

529  Western blotting


https://doi.org/10.1101/2025.01.02.630345
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.02.630345; this version posted January 3, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

530  Western blot analysis was performed after SDS-PAGE using standard protocols. The antibodies
531 used were anti-HA (Thermo; 2-2.2.14), anti-RPL3 (Sigma; 3365), anti-RPL28 (Invitrogen; 62192),
532 anti-RPS3 (Thermo; 2G7H4), anti-GAPDH (Invitrogen; PA1988), and anti-Vinculin (CST; E1E9QV).
533

534  RNA extraction/analysis and gPCR

535  Total RNA was isolated using NucleoSpin RNA Plus kit (Macharey-Nagel) including use of gDNA
536  removal column. For rRNA analysis, 500ng RNA was ran on 2100 Bioanalyzer (Agilent) at the
537  Columbia University’s Molecular Pathology Core. For gPCR, cDNA synthesis was performed using
538  500ng RNA with the SuperScript IV Reverse Transcriptase (Invitrogen) as per the manufacturers
539  protocol with oligo(dT) primers. Real-time PCR was carried out using PowerUp SYBR Green Master
540  Mix using 1:3 diluted cDNA. For gRT-PCR, triplicates were performed with 0.5uM primer and 1pl
541  cDNA per reaction in the QuantStudio 7 Flex Real-Time PCR System. Ct values obtained were
542 plotted using GAPDH mRNA as loading control. Quantifications were performed as per the MIQE
543  guidelines. Statistical tests were performed with Prism 9 and two-sided Student’s t-test were used
544  tocalculate the Pvalues. Data are expressed as mean + s.d. for the number of replicates indicated,
545  with P <0.01 considered significant. All primer sequences are displayed in Supplementary Table.

546  Nuclear/Cytoplasmic RNA Extraction Protocol

547  Cells were washed with ice-cold PBS, scraped into 1.7ml tubes, and pelleted at 500 g for 5 minutes
548  at 4°C. Cytoplasmic RNA was extracted by lysing cells in Cytoplasmic Lysis Buffer (40 mM HEPES-
549  NaOH pH 7.5, 160 mM KCI, 10 mM MgCl,, 0.5% NP-40, 0.5% glycerol, and Superaseln) for 30
550  minutes at 4°C with rotation, followed by centrifugation at 2000 g for 2 minutes to separate the
551  cytoplasmic supernatant. Nuclear pellets were washed in Cytoplasmic Lysis Buffer (without
552  detergent), centrifuged at 500 g for 5 minutes, and subjected to a wash with Nuclear Lysis Buffer
553 (10 mM Tris-HCI pH 8.0, 1.5 mM KCIl, 2.5 mM MgCl,, 5% glycerol, 0.5% Triton X-100, 0.5%
554  deoxycholate, and 20U SuperaselN) for 15 minutes at 4°C. Final washes were performed with
555  Cytoplasmic Lysis Buffer (without detergent), and nuclei were pelleted at 2000 g for 2 minutes.
556  Both cytoplasmic and nuclear RNA were extracted as above.

557  Co-immunoprecipitation

558  To prepare magnetic bead-antibody complex, 50ul of Dynabeads Protein G (Invitrogen) was
559  washed 3x with lysis buffer then incubated with 5ul anti-HA (Thermo; 2-2.2.14) in 400yl lysis buffer
560  for 1 hour at RT with constant rotation. Magnetic bead-antibody complex was captured using
561  Magnetic Separation Rack (NEB), washed 2x with cytoplasmic lysis buffer (20mM Tris-HCI, pH 7.5,
562  150mM KCl, 10% glycerol and 0.1% NP-40) then 3x with lysis buffer. 2x 15cm plates at 80%
563  confluency were grown, cells were washed twice in ice-cold PBS and 400ul of ice-cold lysis buffer
564  was dripped onto the plate and scraped, incubated in microcentrifuged tubes after triturating 10x
565  with 23-gauge syringe, and centrifuged at 14,000g for 7 minutes. The supernatant was added to
566  bead-antibody complex and incubated with rotation at 4°C overnight. Next day, bead-antibody-
567  antigen complex was washed 3x for 10 minutes at 4°C with ice-cold lysis buffer. Protein was eluted
568 by incubation with 40ul pH 3 glycine and heating at 70°C with shaking for 10 minutes, then
569  neutralized with 1/10 volume pH 8.0 Tris.

570
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571  Proteomics

572  Explanted frozen patient tissue was homogenized with pestle and mortar under liquid nitrogen
573  and lysed in RIPA for mass spectrometric analysis by the Proteomics core facility at Columbia.
574  PASEF®* based proteomics was employed. Briefly, proteins were denatured in 0.5% sodium
575  deoxycholate (SDC) buffer containing 100 mM Tris-HCI (pH 8.5). Samples were boiled for 20
576  minutes at 60°C with agitation (1000 rpm). Protein reduction and alkylation of cysteine residues
577  were performed using 10 mM tris(2-carboxyethyl)phosphine (TCEP) and 40 mM chloroacetamide
578  (CAA) at 45°C for 15 minutes. Following sonication in a water bath and cooling to room
579  temperature, and cleanup with the SP3 method®. Proteins were digested overnight with a
580  LysC/trypsin mix at a 1:50 enzyme-to-protein ratio at 37°C and 1400 rpm. After digestion, peptides
581  were acidified with 1% trifluoroacetic acid (TFA), vortexed, and desalted using StageTip technology
582  with SDB-RPS (styrene-divinylbenzene reversed-phase sulfonate) resin. The cleaned peptides were
583  dried using a vacuum concentrator and resuspended in 10 ul of LC buffer (3% acetonitrile, 0.1%
584  formic acid). Peptide concentrations were measured using a NanoDrop spectrophotometer, and
585 150 ngof each sample was subjected to PASEF analysis on a timsTOF Pro2 mass spectrometer. For
586  liquid chromatography with tandem mass spectrometry (LC-MS/MS), peptides were separated
587  within 87 min at a flow rate of 300 nl/min on a reversed-phase C18 column with an integrated
588  CaptiveSpray Emitter (25 cm x 75um, 1.6 um, lonOpticks). Mobile phases A and B were with 0.1%
589  formic acid in water and 0.1% formic acid in ACN. The fraction of B was linearly increased from 2
590  to 23% within 60 min, followed by an increase to 35% within 7 min and a further increase to 90%
591  before re-equilibration. The timsTOFPro2 mass spectrometer was operated in Parallel
592  Accumulation Serial Fragmentation (PASEF) mode with the following parameters: a mass range of
593 100 to 1700 m/z, an ion mobility range of 1/K0 0.7 to 1.3 V-s/cm?, a ramp time of 200 ms, and a
594 duty cycle locked to 100%. Additional settings included a capillary voltage of 1600 V, dry gas flow
595  rate of 3 L/min, and a dry temperature of 180°C. PASEF data acquisition was configured for 10
596  MS/MS frames with a total duty cycle of 2.27 seconds, targeting a charge range of 0-5, an active
597  exclusion duration of 0.4 minutes, a target intensity of 20,000, and an intensity threshold of 2500.
598  Collision-induced dissociation (CID) was performed with a collision energy of 59 eV. A polygon filter
599  was applied in the m/z and ion mobility dimensions to prioritize features likely representing
600 peptide precursors and exclude singly charged background ions. For LC-MS/MS data analysis,
601  acquired PASEF raw files were analyzed using the MaxQuant environment V.2.2.0.0 and
602  Andromeda for database searches at default settings with a few modifications®®. The default is
603  used for the first search tolerance and main search tolerance (20 ppm and 4.5 ppm, respectively).
604  MaxQuant was set up to search with the reference human proteome database downloaded from
605  UniProt. MaxQuant performed the search trypsin digestion with up to 2 missed cleavages. Peptide,
606  site, and protein false discovery rates (FDR) were all set to 1% with a minimum of 1 peptide needed
607  for identification; label-free quantitation (LFQ) was performed with a minimum ratio count of 1.
608 The following modifications were used for protein identification and quantification:
609  Carbamidomethylation of cysteine residues (+57.021 Da) was set as static modifications, while the
610  oxidation of methionine residues (+15.995 Da), and deamidation (+0.984) on asparagine were set
611  asavariable modification. Results obtained from MaxQuant, protein groups table was further
612  used for data analysis. Custom fasta files containing mutant D308N peptides were analyzed on
613  MaxQuant for peptide abundance relative to wildtype peptide abundance. For nuclear IP of cell
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614 lines, MaxQuant outputs were analyzed using Differential Expression of Proteins (DEP) package in
615 R.

616

617  Chromatin Immunoprecipitation (ChIP)

618  Cells were crosslinked with 1% formaldehyde in the culture medium for 15 minutes at room
619  temperature, followed by quenching with 125 mM glycine for 5 minutes. Cells were pelleted and
620  washed. The pellet was resuspended in RIPA buffer with protease inhibitor cocktail (Roche),
621  incubated onice, and sonicated to shear chromatin (~1 kb fragments). The lysate was centrifuged
622  at 12,000 x g for 10 minutes at 4 °C, and the volume was increased with dilution buffer (165 mM
623 NaCl, 0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris—HCI, pH 8.0). Chromatin was
624  incubated with 5 pg of anti-RNAPII (Santa Cruz; F-12) for overnight at 4 °C. Chromatin-Antibody
625  mix was incubated with pre-washed Dynabeads and incubated at RT for 45 minutes. Beads were
626  washed 5x in dilution buffer and eluted in genomic DNA extraction kit (Macharey-Nagel) lysis
627  buffer, resuspended in 50 plL of water. PCR was performed using purified DNA and compared to
628  input samples. Two-sided Student’s t-tests were carried out to calculate P value.

629  Nuclear localization calculation

630  Nuclear localization was calculated as a ratio of the immunofluorescent co-localization signal of
631  anti-HA with nuclear regions compared to anti-HA signal with cytoplasmic regions, determined as
632  cellular regions lacking in DAPI signal. The same calculation was performed for 28S rRNA. All
633  calculations were carried out with Imagel. Cytoplasmic/Nuclear signal ratios for each cell were
634  compiled and underwent one-way ANOVA with Dunnett correction for multiple comparisons
635  across conditions.

636

637  Tissue RNA-seq

638  Explanted frozen patient heart tissue was homogenized using pestle and mortar under liquid
639  nitrogen. Homogenized tissue was submerged in TRIzol and extracted using Direct-zol kit (Zymo
640  Research). RNA integrity was analyzed with Bioanalyzer electrophoresis. Samples underwent
641  poly(A) RNA pulldown and libraries were constructed using Illumina TruSeq chemistry. Libraries
642  were sequenced at Columbia Sulzberger Genome Center with NovaSeq 6000 (lllumina). RTA
643  (lllumina) was used for base calling and bcl2fastg2 (version 2.19) for converting BCL to fastq format.
644  Gene expression was quantified using kallisto with a customized transcriptome index (human
645  MANE select). RNA-seq data for three age-matched control samples were downloaded from
646  European Nucleotide Archive (ENA project PRIEB26969, sample ID: 5818sTS, 5828sTS, and
647  5836sTS) and analyzed similarly. DESeq2 was used for differential gene expression analysis.

648

649
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795

796  Figure legends

797  Figure 1. Hotspot G27D and D308N/V are potential driver mutations in RPL3L-linked DCM. a,
798  Schematic of neonatal DCM-causing mutations across RPL3L protein. Each circle (missense) or
799  rectangle (frameshift) represents a mutation. Mutations are colored by family and compound
800  heterozygous mutations found in the same family are linked by dashed lines. Mutations found in
801  the two new cases reported here are highlighted with a star. Protein domains in RPL3L are also
802 labeled. The two hotspot mutations, G27D and D308N/V, are emphasized in bold. b, Positions of
803  the variants (highlighted in red) mapped onto the AlphaFold-predicted 3D structure of RPL3L. c,
804  RPL3L missense variants clustered into two groups by their allele frequency (gnomAD) and
805  predicted pathogenicity (AlphaMissense). Variants are colored and linked as in a. d, Putative
806  human RPL3L KO in the general population (gnomAD). LOF: loss-of-function.

807

808  Figure 2. Ribosome defects in explanted patient hearts. a, Bioanalyzer electrophoresis of total
809  RNA isolated from explanted patient heart ventricular tissue and a control sample (human AC16
810 cells). b, Differential gene expression analysis comparing explanted heart tissue (N=2)and age-
811  matched healthy control heart ventricular tissue (N=3). Genes encoding 60S or 40S ribosomal
812  proteins are colored red or blue, respectively. RPL3 and RPL3L are highlighted by yellow circles. c,
813  Cumulative distribution function plots for three significant gene signatures. Red indicates genes of
814  interest and black indicates all other genes. The median log2 fold change (log2fc) and Kolmogorov—
815  Smirnov test P values are also shown. d, RNA-seq read coverage (BAM file visualized in IGV genome
816  browser) showing that both D308N and T189M alleles are equally expressed. e, Mass
817  spectrometry quantification of RPL3 (left), RPL3L (center), and total 60S proteins (right) relative
818  total 40S proteins in D308N/T189M patient ventricular tissue (N=2) and age-matched control
819  tissue (N=3). ** P < 0.0001. f, Intensity of the peptide containing the D308 residue in the T189M
820  variant and the peptide containing the N308 residue in the D308N variant normalized to the total
821  intensity in RPL3L. ns: not significant.

822  Figure 3. Hotspot variants disrupt ribosome biogenesis and impairs cell viability. a, Isogenic
823  AC16 human cardiomyocyte-like cell lines were generated to simultaneously knockdown (KD) RPL3
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824  and overexpress HA-tagged RPL3L (or its variants) via a dox-inducible promoter. b, RPL3
825  knockdown after dox treatment. Total RNA was isolated from indicated cell lines and analyzed for
826  RPL3 levels. shScramble: cells expressing only a control scrambled shRNA. shRPL3: cells expressing
827  only the RPL3 targeting shRNA without RPL3L or its variants. RPL3L-WT/SNP/T189M/D308N: cells
828  with RPL3 KD and expresses either wild type or the indicated variant of RPL3L. ¢, Efficient
829  expression of RPL3L variants in AC16 cells after 120 hours Dox treatment. Total RNA isolated from
830 indicated cells was analyzed for RPL3L levels (N = 3 independent experiments). d, Bioanalyzer
831  electrophoresis on total RNA from indicated cell lines was quantified by Imagel. e, Loss of
832  translation capacity in shRPL3 and D308N cells, but not control or T189M cells. RPL3+ (shScramble)
833  and RPL3L-expressing cells were separated by ultracentrifugation and fractionated in the presence
834  of cycloheximide (N = 3). f, Cell growth defects in D308N and shRPL3 cells. AC16-derived cells were
835  seeded at equal density and counted every 2 days (N = 4). The y-axis is shown on a logarithmic
836  scale. The percentage values represent the cell density at day 10 relative to the RPL3L-WT cell line.
837 b,c, f, Dataare mean +s.d. *: P <0.05.

838

839  Figure 4. Hotspot variants mislocalize and alter interactions with ribosome biogenesis factors.
840 a, Cells were stained for anti-HA antibody (RPL3L and variants) and 28S rRNA FISH probes and
841  analyzed by 60x confocal microscopy. Scale bar =50um. b, Violin plot quantification of cytoplasmic
842  and nuclear abundances of HA (RPL3L) signals for indicated cell lines, measured per cell (N = 26-
843 41 cells). ¢, same as b but for 28S rRNA. One-way ANOVA was used for statistical analysis. d, PCA
844  analysis of the proteins co-immunoprecipitated with RPL3L variants. N=3. e, Enrichment of
845  GRWD1 and C70RF50 in proteins co-immunoprecipitated with the hotspot variants D308N and
846  G27D compared to other variants. Peptide intensities are normalized by the median of all samples
847  and then log2-transformed. Error bars represent standard deviation. ns, not significant; ** P <
848  0.001; *** P <0.0001; **** P <(0.00001.

849

850  Figure 5. Non-hotspot variants drive post-transcriptional RPL3 compensatory up-regulation. a,
851  Compensatory increase of RPL3 mRNA in R161W cells. DCM-associated RPL3L variants were
852  expressed for 120 hours in doxycycline and total RNA was extracted and analyzed for RPL3 mRNA
853  levels (N =3 independent experiments). b, Western blotting shows compensatory increase of RPL3
854  protein levels in R161W cells. Cells were treated as in (a) and whole-cell lysates were
855  immunoblotted with indicated antibodies (N = 3 independent experiments). ¢, No difference in
856  transcription activity in RPL3 promoter assayed by ChIP-qgPCR. Multiple primer pairs were used for
857  each region. An intergenic region upstream of RPL3L was used as a negative control of non-
858  transcribed region (N = 3). d, RPL3 mRNA half-life is enhanced in R161W cells. RPL3L-expressing
859  variants were incubated with 50ug/ml RNA Polymerase Il inhibitor a-amanitin for indicated
860  timepoints prior to analysis for RPL3 mRNA relative to GAPDH, normalized to O hour (N = 3). e,
861  Compensatory RPL3 mRNA increase occurs entirely in the cytoplasm in R161W cells. RNA
862  underwent subcellular fractionation for amplification of RPL3 levels relative to GAPDH (N = 4).
863 a,c,d,e, Data are mean + s.d. ns, not significant; * P < 0.01; *** P < 0.0001; **** P < 0.00001.
864

865  Figure 6. Impaired protein synthesis in engineered compound heterozygous cells. a, Cells stably
866  integrated with G27D, R161W, or both G27D and R161W were induced with dox for 144hrs.
867  Puromycin was added to 1uM final concentration for 30 minutes before cells were harvested for
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868  Western blotting (N = 4). b, Quantification of puromycin incorporation. ¢, Quantification of RPL3
869  protein abundance. Data are mean + s.d. ns, not significant; * P < 0.01.

870

871  Extended Data Figure 1. iPSC cardiomyocytes (iPSC-CMs) do not express RPL3L. Data was
872  analyzed from RNA-seq performed by Pozo et al (2022) comparing iPSC-CMs to fetal and adult
873  human heart.

874

875  Extended Data Figure 2. The hotspot G27D variant mirrors the effects of D308N. a, Cell growth
876  defectfor G27D and R161W, as in Fig. 3f. b, Polysome fraction for G27D and R161W, as in Fig. 3e.
877  Dataare mean ts.d.

878

879  Extended Data Figure 3. Enrichment of 60S ribosome biogenesis factors in proteins co-
880  immunoprecipitated with nuclear RPL3L variants. Peptide intensities are normalized by the
881  median of all samples and then log2-transformed. Error bars represent standard deviation.

882

883  Extended Data Figure 4. R161W does not incorporate into polysomes. Monosome and
884  polysomal fractions from Fig. 5 were isolated by TCA precipitation and immunoblotted for HA-tag.
885  Input (pre-ultracentrifugation) samples were loaded as controls.

886

887  Extended Data Figure 5. No change in the expression of the RPL3-targeting shRNA in RPL3L-
888  expressing cells. A custom annotation was used to detect shRNA hairpin from RNA-seq data
889  obtained from RPL3L variant-expressing cell lines. RPM, Reads per million (N = 3 biological
890  replicates). Error bars represent standard deviation. ns, not significant.

891

892  Extended Data Figure 6. R161W does not induce higher RPL3 intronic RNA as a proxy of
893  transcription levels. Total RNA was isolated and cDNA was synthesized using random primers.
894  Primers targeting intron 3 and intron 9 of RPL3 were used for amplification (N = 3). Error bars
895  represent standard deviation. ns, not significant.

896
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Extended Data Figure 1
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Extended Data Figure 2
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Extended Data Figure 3
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Extended Data Figure 4
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Extended Data Figure 5
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Extended Data Figure 6
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