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Abstract

Modification of RNA with N-methyladenosine (?A) has gained attention in recent years as a
general mechanism of gene regulation. In the liw8A, along with its associated machinery,
has been studied as a potential biomarker of desaad cancer, with impacts on metabolism,
cell cycle regulation, and pro-cancer state sigigalHowever these observational data have yet
to be causally examined vivo. For example, neither perturbation of the kedArwriters Mettl3
andMettl14, nor the MA readersrthdfl andYthdf2 have been thoroughly mechanistically
characterizedn vivo as they have beean vitro. To understand the functions of these
machineries, we developed mouse models and foatdighetingMettl 14 led to progressive

liver injury characterized by nuclear heterotypigth changes in mRNA splicing, processing
and export leading to increases in MRNA surveikaacd recycling.

Introduction

N°-methyladenosine (?A) RNA modification is a critical gene regulatoryenhanism, based on
extensiven vitro, cell culture, and patient studiedy.(RNA modification with MA is implicated
in cellular differentiation, metabolism, and cefete regulation. Moreover, dysregulation of
m°A or the nfA ‘writer’ enzymesMettl3 andMettl 14 contribute to the development and
malignancy of many cancers including hepatocellogacinoma (HCC)Z-4). Clearly
deciphering the impacts of°h modification on the RNAs it is placed on is imfzort, as this
modification can lead to either RNA stability innse cases and degradation in others through
various mechanisms£7). The function of rfA on specifically modified transcripts, and the
associated machinery includiMgttl3 andMettl14 are important to understand not just for
diagnostic and prognostic utility, but also as pttg causative mechanisms which could serve
as therapeutic targets. This interest, along withlability of better tools, has recently led to a
flurry of studies on the impacts of disruptin§Amwriters in liver tissuén vivo in mouse models
(8-112).

RNA modification by miA has been implicated in liver diseases, inflamorgtand injury
response, as well as viral infectidk).(Metabolically associated steatohepatitis (MABES

been correlated with global increases ftAras well as increased levels of writer complex
proteinsMettl 14 andMettl3 (12). Specific sites on interferon (IFN) beta mMRNA adeen

shown to bear i\ modifications, and knockdown Mettl 14 leads to increased IFN expression
and interleukin-17RA, concurrently with increasetlammatory pathway activation and
metabolic reprogramming in the liveld 14). m°A modification of viral RNAs has also been
reported on hepatitis B and delta virus RNAs, apgpgdo impact the viral replicative cycle and
the switch from translation of protein and replicatto packagingl, 16). Hepatitis B Virus
(HBV) has also been shown to increasénevels in liver, causing a feed-forward loop of
inflammation and leading towards PTEN and innat@imity changes which lead towards HCC
development(7).

Despite this wealth of observational data, it hesbdifficult to pinpoint causal or mechanistic
roles for m6A or its associated machinery. Firstyistudies have cast doubt on the accuracy and
reproducibility of commonly used % sequencing technique$8). Second, recent work has
provided evidence for unexpected feedback loopseviteA-modification leads to chromatin
remodeling {9). Third, nPA writers may have alternate functions, actingctiyeon DNA or
impacting RNA splicing, nuclear export, and locatisn 0-25). Taken together, these data are
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difficult to integrate into a comprehensive undamsting of how dysregulation of and its
associated machinery might contribute to or caiwee tliseasén vivo.

To better understand the effects dfrmodification machinery dysregulation in the cotttef

liver tissue, we generated a mouse model of hepiatapecific deletion of il writer Mett|14

to assess transcriptomic changes in the liver gunature steady-state tissue maintenance. We
additionally developed a dual-deletion model of ‘tleader’ proteinsrthdfl andYthdf2 to
disentangle the impacts of the canonical pathway’@modified mRNA degradation from

other potential outcomes bfettl14 deletion. Since the impacts ofAnmodification are
particularly important to temporal regulation oflgkar differentiation and cell-cycle regulation
during development or regeneration, we also asdesgenerative capacity and liver
architecture following an extensive array of injunpdels: surgical, chemical, or chronic
infection. Deletion ofMettl14 or Ythdfl/Ythdf2 together led to worse liver outcomes, depending
on the type of challenge, highlighting the impotteotes and different functions of these genes
in liver homeostasis and regeneration.

Results

M6A machinery defects impact post-natal liver maintenance, leading to injury

To study the impacts dflettl14 deletion on proper liver development, we developed
hepatocyte-specific deletion bfettl14 via a cross of mice in which exons 7-9 are flankged
loxP sites Kett|14""™) (26) with mice bearing a Cre transgene under the bepta-specific
albumin promoter (Alb-Cre)2) (Fig. 1A). We further developed a hepatocyte-specific dual
Ythdf1 andYthdf2 deletion mouse by crossing full-bodthdf1 knockout ¥thdf1”) mice with
Ythdf2 floxed (vthdf2!"™) mice @6). The subsequent mice were crossed with the At-Cr
expressing mice to establish dual knockout in repaes Fig. 1A). These liver-specific
deletions were necessary as whole-body knockoutettfl4 or Ythdf2 are embryonic lethal
(28, 29). We confirmed reducellett! 14 transcript and protein levels in thvettl 14" Alb-Cre
liver tissue by reverse-transcription qPCR and &resblot, respectivelyHig. S1E,F).

The liver-specific deletion mice appeared grossiymal, although some liver-specifidett| 14
individuals displayed lower weights and slowed gitofrig S1C). We initially collected tissues
from these mice at 8 weeks of age to assess impactsture liver development and
maintenance by histology imaging of hematoxylin andin (H&E)-stained sections. Both the
dual Ythdf1"/Ythdf2™" /Alb-Cre and thevett! 14™" /Alb-Cre mice showed liver injury with
histological similarity to steatohepatitis, bvettl 14™" /Alb-Cre mice showed additional
inflammation, regions of necrosis, and signs daliffbrosis Fig. 1B). Deletion of eitheiythdfl
(in the whole animal) ovthdf2 (specifically in the liver) on its own did not &0 any
significant histological changeki@ S1A).
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Fig. 1. m°A writer and reader deficiencieslead to progressive liver damage. (A) Schematic
showing crosses used to generate gene deletitrepatocytes for this study (Created with
BioRender.com)(B) Dual Ythdf1/Ythdf2 deletion in liver tissue as well &4ettl14 deletion leads
to liver injury, but each with distinctly differehistology.(C) Mettl 14-deficient liver tissue
exhibits progressive damage emerging first at 3 @ag progressing in severity through 3
months of age and older. Black arrows indicate agmpcells with condensed nuclei, green
arrows indicate enlarged nuclei, and white arrawiciate mitotic eventg§D) Representative
image of the advanced liver injury phenotype seebrmonth-oldViettl14 deficient liver tissue,
showing steatosis and nuclear heterotyfita.Schematic of tamoxifen-induction timeline where
mice were injected with tamoxifen over 6 weeks befacrifice for experiments (Created with
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BioRender.com)(F) Liver injury is recapitulated in this inducibMettl14 model, showing
similar levels of fibrosis and nuclear heterotypia.

To assess the timeframe of onset of this damalyteithl4-deleted mice, we analyzed liver
tissue architecture oflett!14™™ /Alb-Cre mice during growth and maturation (posahaay 3,
week 3, and month 3). By 3 weeks of age, individwegdatocytes could be seen undergoing
apoptosis, and the rate of mitotic events was aszd relative to the wild-type contrélig. 1C),
likely to replace the dying cells. This damage pesged over time, withlett| 14" /Alb-Cre

livers at 3 months of age displaying pronounced imeninfiltrate and signs of fibrosis. This

liver injury phenotype, while variable, was worsamales than femaleEi@. S1D): male liver
injury steadily progressed to a stark phenotypadvfinced steatohepatitis with immune infiltrate
and pronounced nuclear heterotypia by 6 monthg®ffég. 1D). More broad areas of fibrosis
and further necrosis and apoptosis can also beiiseice at older agg§ig. S1B).

We aimed to characterize global molecular changdenlying the liver pathology observed in
Mettl 14-deleted mice. We performed bulk-RNA sequencinlivef tissue fromMettl14™™" /Alb-
Cre andMett 14" mice Gupplemental data 1). A volcano plot showed good distribution of
upregulated and downregulated transcripts, witblatively low percentage of genes
differentially expressed at statistically signifitdevels Fig. 2A). We compared the set of
mRNA transcripts with number of known*fmodification sites per transcript with our list o
differentially expressed genes and found a corcgldietween modification and upregulation of
transcriptgFig. 2B). Differentially expressed genes (DEGS) represeapgatoximately 1% of
the total detected gendgig. 2C), and 84% of DEGs were known to b&xmodified at one or
more sites, with a slight skew towards down-regaagenes30) (Fig. 2D).

Gene set enrichment analysis (GSEA) revealed dykxegn of pathways that confirmed our
histological findings of liver patholog{supplemental Data 2). Livers of Mettl14-deleted mice
had major lipid metabolism and stress responsesgysation, modulated by hepatocyte nuclear
factor 1 alphaKinfla) andHnf4a. The phenotypes of these GSEA pathways, fibroxispao-
hepatocellular carcinoma states approximated #edtepatitis we observed in our miEeg(
2E,F) (31-33). Notably,Smoothened (Sm0), a member of theledgehog signaling pathway,
showed remarkably decreased expression in livengisromMettl 14™" /Alb-Cre as compared
to Mettl14™" mice. Smo transcript expression was not detected in any kmatcmouse samples
(Fig. 2A, Fig. S2), which correlated witliHedgehog pathway signaling changes seen in the
GSEA(Fig. 2E,F). Smo andHedgehog signaling have direct impacts on hepatic insulin
resistance and metabolism regulation, and decré4eighog signaling is correlated with
increased susceptibility of fatty liver diseaseguession to metabolically associated
steatohepatitis (MASH) and fibrosi34-36), similar to the phenotype observed in our mice.
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180 Fig. 2. Bulk RNAseq and GSEA analysisreveal key pathways of liver damage. (A) Volcano
181  plot of transcripts upregulated and downregulasbenMett! 14" /AIb-Cre andMett| 14"
182 male mice (n = 3) Hits with a significant adjusfeaalue below 0.1 are highlighted in blue.
183  Specific genes with particularly significant p-veduor high levels of up-regulation or down-
184 regulation, as well as those with particularly retging functions to pathways seen in the GSEA
185 are marked with gene names next to their data @Bt Comparison of known fA modified
186  sites on transcripts with significantly upregulatedlownregulated transcripts hhett! 14

187  deletion mice(C) The ratio of enrichment of transcripts publishetb¢ nfA modified versus
188 those without evidence for modification among d#éfatially expressed genes (DEGS) seen in
189  our dataD) and breakdown of P enrichment among DEGs in those upregulated and

190 downregulated(E) Gene set enrichment analysis (GSEA) of bulk trap&umic data, revealing
191 which pathways and functions are over-represeméaeMettl 14 deletion mice(F) GSEA

192  results of which pathways and functions are downeggd inMettl14 deletion mice.

193

194 To determine whether the damage sedviéttl 14 mice is due to defects in pre-natal

195 development versus post-natal metabolism and nmainte defects, we separately developed a
196 liver-specific inducibleMett|14 deletion mouse by crossing dvett! 14" mice with a

197 tamoxifen-inducible Cre, termed Alb-ERT2-C&¥) expressed under the albumin promoter. At
198 6 weeks of age, we induced gene-specific deletighéseMett| 14™"" /AIb-ERT2-Cre mice with
199 tamoxifen for a total of 6 weeks to allow time oty potential resulting effects to be

200 histologically evident before sacrificing mice fustological analysisHig. 1E). Our results

201  showed that induciblilettl 14 deletion for 6 weeks in adulthood lead to simiilarosis and

202 necrosis as was seen in the constitutive deletiotietrat 6 weeks of ag€i@. 1F). Therefore,

203 we concluded thatlettl14 was required for proper post-natal liver growtkl amaintenance.

204

205 Functional liver regeneration isimpeded in Ythdfl/Ythdf2 dual deletion

206 The liver possesses an impressive capacity fonergéon after injury, reconstituting not only
207 tissue mass, but also the specific functional éechire of liver tissue with zonation around
208 portal vein tracts and bile duct38( 39). This allows rapid response to injury, toxicity,acute
209 infection to maintain the scope of liver functioecessary to maintain metabolic processes. In
210 wild-type C57BL/6 mice, liver regeneration occokger a period of approximately seven days
211  after experimentally induced injury via two-thirdartial hepatectomy4Q). This process

212  requires tight temporal control of cell-cycle, niofi differentiation, and coordination of

213 developmental pathways to reconstitute tissue @atoire. All of these processes have been
214  shown in various settings to be impacted or diyeettjulated by #A modification as a

215 mechanism of gene regulatio#l{45). As we initially showed that faulty ¥A machinery affects
216 liver maintenance at steady-state conditions, weteehto further know whether%

217  perturbation would also affect liver regeneration.

218

219 To better understand the impacts of m6A and itslees following injury, we assessed the
220 capacity ofMettl14, Ythdfl, Yhtdf2, and dualvthdf1/Ythdf2 deficient mice to recover after two-
221 thirds partial hepatectomy surgery. We weighed ratc@ weeks of age, and then performed
222 surgery to remove approximately two-thirds of tditadr masstig. 3A). Tissue was weighed
223  after removal to confirm the appropriate amountissue loss. Any individual animals who

224  experienced significant blood loss, deviated sigaiftly from the target amount of tissue

225 removed, or who experienced post-surgical compdinatwere removed from the study to avoid
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226  skew of results due to any surgical technique it We assessed two phenotypes: (1) liver
227 mass, as a function of the liver’s ability to regeaie, and (2) whole body mass, as reduced liver
228 function leads to slower weight recovery. Weighed mice daily for 2 weeks post-surgery

229 before sacrificing them for experimental sampldembion and analysis. Total liver mass was
230 assessed at time of sacrifice and compared amafditver mass to body mass to control for
231 relative variability in overall animal size.

232

233 In Ythdfl”/Ythdf2"" /Alb-Cre andYthdf1” mice, overall liver mass regeneration was

234  significantly reduced compared to control animdtisrasurgery Fig. 3B). An expected sexual
235 dimorphism in regenerative capacity was also notéth, males regenerating more liver tissue
236 than females of the same genotyp@) (As a proxy of liver function, the whole body ght of

237 Ythdf1”/vthdf2™" /Alb-Cre mice recovered significantly more slowitlyespective of sexqig.

238  3C). Deficiency ofYthdfl alone also resulted in significantly reduced wergicovery in female
239 mice. The close agreement between which groupsagiesg significant reduction of regenerated
240 liver mass and overall weight recovery was notdtesE results suggest that deletion of the
241 reader gene¥thdf1l andYthdf2 slowed liver regeneration and function followinggical injury.
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Fig. 3. Significantly slower liver regeneration in m°A reader-deficient mice following
partial hepatectomy. (A) Schematic of timeline for two-thirds hepatectomygsuy and
recovery prior to sacrifice and sample collectiGne@ated with BioRender.com(B) Males (left)
and females (right): comparison of liver /body maggs at 2 weeks post-surgery across
C57BL/6 (N=16 males, 16 femaldgletti14 (N=4 males, 7 femalesythdf1(N=6 males, 9
females),ythdf2 (N=4 males, 9 females), and diéhdfl/Ythdf2 deletion mice (N=10 males, 5
females)(C) Males (left) and females (right): weight recovewyves after surgery.

Acute liver injury is exacer bated by m°A reader or writer deletion

Different type of liver damage can reveal differagpects of injury response and recovery.
Probing these m6A reader and writer deficient nwith experimental liver injury allows us to
better understand the actual nature of their def@at chronic injury phenotypes. Two separate
toxicity-based injury models of liver damage resgmare used frequently in liver research to
assess response to cholestasis-mediated liver injury as well as general hepaiodytelt4-
dihydro 2,4,6-trimethyl 3,5-pyridinedicarboxylicidaiethyl ester (DDC) administration causes
protoporphyrin plugs and stones, blocking bile dwstd impeding bile drainage from the liver
parenchymad4{’). This leads to cholestasis as bile buildup damagelangiocytes, leading to
sclerosing cholangitis and biliary fibrosis. A sedanodel of liver injury is carbon tetrachloride
(CCly). CCl, directly damages hepatocytes by inducing a sestate of oxidative stress by
binding to triacylglycerols and phospholipids, leapto lipid peroxidation48). These two
distinctly different modalities of liver injury werused here as models to assess liver injury
response to both post-necrotic hepatocellular $ilsrand cholestatic biliary fibrosis. In the
context of our hepatocyte-specific deletion modiis, allows us to probe the differences
between hepatocyte response to direct damagegeapdnse to cholangiocyte damage leading to
liver injury.

We compared livers from control-chow and DDC-chew &nimals of each previously described
genotype after 21 days of treatment. Histologyiofgsirius red-stained liver sections displayed
increased fibrosis in all fA-perturbed genotypes relative to wild-tyfrég. S3A). Dual
Ythdf1/Ythdf2 deficient livers developed extensive fibrosis gindy from bile ducts to portal vein
tracts Fig. 4A). Mettl14 deficient livers exhibit some fibrosis even in rkdoeated conditions

but developed bridging fibrosis as well as genéif@dise fibrosis throughout the bulk of the
tissue under DDC treatmerii(. 4A, left). Quantification of the area of fibrosisisiag by
picrosirius red shows that all genotyp¥th@f1”, Ythdf2" /Alb-Cre, dualythdf1™

IYthdf2™™ /Alb-Cre, andMett| 14" /Alb-Cre) progress to a significantly higher lewéffibrosis
than wild-type mice under DDC treatment, but dvtatifl/Ythdf2- andMettl14-deficient mice

both exhibited the highest-percentage areas aidibif-ig. 4B, left). Quantification of blocked
bile ducts in DDC treated liver tissue show duatuésction and response to injury. In our model
mice, Mettl14 mice recovered similarly to wild-type mice, whitthdf1/Ythdf2 mice showed
significantly reduced numbers of unblocked biletdymer HPKFig. S3B).

We similarly analyzed tissues from mice after 2gsdaf CC}, treatment. All genotypes
displayed increased fibrosis relative to contrdtivtype mice, with evident bridging fibrosis
(Fig. S3C). Dual Ythdf1/Ythdf2 deficient mice showed pervasive bridging fibraki®ughout the
liver, and histologic analysis Mettl14 deficient mice revealed foci of necrosis througthbe
liver in addition to the fibrosisHig. 4A, right). Automated image analysis demonstratetl tha
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while the percent area of fibrosis was increasalliperturbed genotypes relative to wild type,
the dualvthdf1/Ythdf2 deficient mice had the highest average perceat@irébrosis after CGl
treatment, with just over 25% of all liver tissuea staining positive for fibrosi§ig. 4B, right).
The number of mitotic cells counted per high-powarécroscope field (HPF) was significantly
elevated relative to wild type mice ¥hdfl andYthdf2 mice, but noMettl14 mice(Fig. S3D).
Therefore, deletion of either the readers or wsited to worse liver injury following direct
damage to hepatocytes or indirect damage via bidé lmockade.

A Chow diet, 21 days DDC diet, 21 days

425b

Corn oil, 28 days CCla, 28 days
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Fig. 4. m°A reader and writer deficiency increasesliver fibrosis responseto toxicity.

(A) Histological staining with picrosirius red of mofdhow diet) and DDC diet-treated (left)
male mice reveals increased liver injury and acédibrosis (red). Similar staining of mock
(corn oil) and CC}treated male mice (right) reveals the same patiElimer injury and fibrosis
advancement in A reader- and writer-perturbed mi¢8) Quantitative image analysis of areas
of fibrosis in DDC diet- (left) and C&l (right) treated mice with mock comparison.

HBYV genome induced hepatic inflammation iswor sened in Mettl14 deficient mice
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Chronic HBV infection is a major cause of liverrilsis and progression to hepatocellular
carcinoma49). Given the known role of both% and HBV in HCC development and
progression, and the known role ofA&on HBV replication cycle and protein translatiove
were interested in whether disruption dtrmodification inMettl 14" /Alb-Cre mice would
impact outcomes of HBV exposuris( 50-52).

To assess the potential changes in HBV replicatranslation, and injury, we crossed our

Mett| 14" /Alb-Cre mice with mice bearing the HBV 1.3x lengf&nome as a transgene (1.3x
HBV tg). These mice produce all gene products oWVHiBd produce packaged viral particles
(53). To allow time for significant liver injury to @mulate, we waited until 3 months of age to
subject tissues from these animals for analysistattigical comparison of H&E-stained sections
showed that while HBV expression leads to some mimjory and inflammation, HBV
expression iMettl 14™" /Alb-Cre mice exacerbates hepatic injury and fitr@eyond that
normally seen itMettl 14" /Alb-Cre mice Fig. 5A). Bridging fibrosis was noted with

especially broad regions of fibrosis and immunédtrate bridging between portal vein tracts and

bile ducts.
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Fig. 5. Mettl14 deficiency impactsliver injury but not HBV translation or replication.

(A) Histology of H&E-stained sections from ma¥ettl 14" /Alb-Cre andVettl 14™" control
mice expressing HBV 1.3x genome transgene, and aoggm with control HBV negative mice.
(B) ELISA assays showing blood serum HBsAg (left) &iigeAg (right) protein levels of HBV
expressing mice in comparison to control HBV negmtinimals to establish baseli(€) gPCR
of HBV genomic rcDNA extracted from blood serunttfl@nd liver tissue (rightD) RT-gPCR
of HBV pre-genomic RNA extracted from blood serdeit] and liver tissue (right).
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331 To assess the level of packaged and releasedpartties in the blood, we collected serum from
332 blood samples and measured HBV S antigen (HBsAg)ddby ELISA assay. This antigen is an
333 integral part of secreted subviral and infectiolvHarticles. We found no significant

334 difference between either males or females exprg$4BV with and withouiMettl14 defects

335 (Fig. 5B, left). We further quantified HBV E antigen (HBePAgvels in blood serum, a marker
336 of ongoing virus replication, by ELISA. We againufa no significant differences in HBV-

337 expressing miceHg. 5B, right).

338

339 To thoroughly assess levels of viral replicatiod &nranscription, we also quantified levels of
340 HBV genomic relaxed circular DNA (rcDNA) and prergenic RNA (pgRNA) in both serum
341 and liver tissue by (RT)gPCR. There was no sigarfidifference in rcDNA levels among

342 Mettl14™" JAIb-Cre/1.3x HBV tg andVietti 141" /1 3x HBV tg control mice in liver tissue or
343 serum Fig. 5C). Similarly, we saw no significant differencespgRNA in either serum or liver
344  tissue Fig. 5D). Collectively, these data demonstrate that WHBY/ genome expression

345 worsens liver disease Mettl14-deleted mice, which cannot be attributed to eleddeévels of

346 HBV replication intermediates or viral proteins.

347

348 Mettl14 deletion leads to pronounced nuclear heterotypia and increased polyploidy in

349 hepatocytes

350 One striking phenotype caused by Mettl14 deletvas nuclear heterotypia, which we observed
351 in steady stat@~ig. 1) and following various injuries. GSEA analysis K&rtscriptomic analysis
352 of Mettl14-deletion mice highlighted several potential explany mechanisms of the nuclear
353 heterotypia we observed in these nii€esy. 2E,F). Cell-cycle regulatory pathways of c-Myc

354 signaling, circadian clock-related genes, anddatesis / early G1 phase cell cycle regulation
355 genes were all dysregulated. RNA metabolism, psiegssplicing, and degradation were also
356 evidently disrupted, with upregulated nucleotideadtid tri-phosphate conversion and

357 downregulation of mMRNA decay mechanisms includiagdgnylation, as well as processing and
358 splicing of capped intron-containing pre-mRNA.

359

360 Dysregulation of cell cycle, RNA processing and@xpas well as signs of oxidative stress can
361 all lead towards nuclear heterotypia. To confirm auginal histological H&E staining and

362 perform further quantification of the nuclear hetgpia to better describe the phenotype and
363 narrow down potential contributing mechanisms, t@ned liver sections frorilettl 14-deletion
364 and wild-type mice with Hoechst-3334Rig. 6A). Quantitative image analysis across 3

365 individuals of each group showed that there wagrfgant increase in the mean size and size
366 variability of nuclei inMettl14-deletion liver Fig. 6B, top). To assess any change in polyploidy
367 occurring alongside nuclear size changes we isblatielei from liver tissue samples and

368 performed flow cytometry, which showed a markedtsifihepatocyte ploidy towards 8n and
369 higher ploidiesFig. 6B, bottom). Representative histograms of Hoechs#338gnal from the
370 flow cytometry data collection show clear separabetween each peak, indicating distinct

371 populations of nucleiKig. 6C).
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Fig. 6. Mettl14 deletion-related nuclear heterotypiaisconcurrent with increased ploidy

(A) Hoechst-3342-stained histological sections reveaharease in nuclear size lihett| 14
deletion mice (top) relative to wild type controio@ (bottom).(B) Quantitative analysis (top) of
imaging data from separate animals shows condigtiaecteased nuclear size and greater range
of size inMett| 14" /Alb-Cre mice vaMett! 14" controls. Quantitative analysis of hepatocyte
ploidy via flow cytometry (bottom) of Hoechst-3334tained hepatocyte nucléC)
Representative histograms of Hoechst-33342 stainiegsity from flow cytometry data of
stained hepatocyte nuclei.

Nuclear accumulation of the TREX complex member Alyref revealsimpacts of Mettl14 on

RNA trafficking machinery

To gain more mechanistic insight into the nuclestetotypia phenotype, we further explored the
results of our gene set enrichment analysis otramscriptomic data. We observed upregulation
of mMRNA splicing, trafficking, and activation farainslation, as well as pathways involved in
metabolic and oxidative stress, mitochondrial bragges, apoptosis, and fatty acid oxidation
(Fig. 5E,F). RNA metabolism, processing, splicing, and degtiad were also evidently
disrupted, with upregulated nucleotide di- angtresphate conversion and downregulation of
MRNA decay mechanisms including deadenylation,elsag processing and splicing of capped
intron-containing pre-mRNA. We further saw that-osicle regulatory pathways of circadian
clock-related genes, and late mitosis / early Gdspltell cycle regulation genes were all
dysregulated.

We identified a number of differentially expresseahscripts with direct ties to the’#

machinery Eig. S2). In Mettl14"" /Alb-Cre mice, we found upregulation Bff2, R3hdmd,

Tafla, andZfp747, among other genes which play roles in RNA traipson initiation and
regulation. We also saw upregulationSppkl, a key member involved in spliceosomal complex
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399 assembly which is responsible for mMRNA processspiicing, and export processes which all
400 assemble within nuclear speckles. Notably, thesttaption/export complex (TREX), which is
401  the major mechanism of mMRNA nuclear export inAnassembles on 1A modified mMRNAs
402  via binding to the A modifying machinery within nuclear specklé@i(23). Therefore, we

403 wondered whethdvlettl 14-deletion might dysregulate the mRNA export machinm turn

404 leading to nuclear heterotopia, cell cycle defeamts] liver pathology.

405

406  To test the TREX mechanism offarelated mRNA export suggested by the transcriftom
407 data, we wanted to quantify the nuclear concewoaif the key TREX complex member

408 Aly/REF export factorAlyref). Since liver tissue produces high autofluoresedhat interferes
409  with immunofluorescence, we instead derived a menseryonic fibroblast line from

410  Mettl14™ mice, and stably transduced them with both sirgiars 40 (SV40) large T antigen.
411  To disruptMettl14, we transduced a population of cells with Cre egping lentivirus and

412 compared them to cells without Ckaq. S4A). Mettl 14 was efficiently deleted in the presence
413  of Cre, as judged by confocal microscdpyg. 7A), reverse transcription gPGRig. 7B), and
414  western blo(Fig. $4B), while the other A writer Mettl3 was unaffected. ThougNyref

415 mRNA levels were unchangé€Big. 7B), Mettl14-deletion led to an increase in nuclédyref

416  protein levelgFig. 7A,C). These data support a mechanism by wMetil14 deletion alters
417 nuclear mRNA export machinery, causing downstreiects on nuclei, cell cycle, and liver

418 injury.
419
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423  Fig. 7. TREX complex localization chan%eﬁ reveal RNA trafficking machinery defects

424  (A) Representative images fravettl 14™" /Cre (top) andVettl 14" /Cre MEFs (bottom) show
425 differences irMettl 14 signal in red (left)Mettl3 signal in green (middle) and TREX complex
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markerAlyref in pink (right).(B) RT-gPCR data show gene expressioMett|14 is
significantly reduced approximately 50%, bittl3 andAlyref levels are unchange(C)
Quantitative analysis of multiple replicate sligd®wing nuclear localized signal by co-
localization with Hoechst-33342 signal demonstrateencrease in nucleatyref signal.

Discussion

Many experimental studies in cell culture and obestgonal clinical studies have shown that
disruption of normal fA modification impacts a layer of gene regulatieading to defects in
cell-cycle regulation and important metabolic pss®@s; however, it has been challenging to
experimentally study these effeatsvivo, as full-body knockouts of the key m6A writers and
readers are embryonic lethd| {1, 12, 54). Here, we generated and thoroughly characterized
novel mouse mouse models with liver-specific genathlation oMettl 14, Ythdf2, and dual
deletion ofYthdf1 andYthdf2. Though these mice are viable, bigttl14 and dual
Ythdfl/Ythdf2 deletion causes their livers to undergo progresisipry with steatohepatitis, and
in the case oMettl14, nuclear hetereotypia, which can be further exzated by surgical,
chemical, and infectious challenges. This suggestitical role for MA in post-natal liver
maintenance and regeneration.

We leveraged transcriptomic data to identify dgstated nuclear mRNA export as a potential
molecular mechanism driving nuclear heterotyMattl 14" /Alb-Cre mice showed significant
changes in abundance of transcription, splicind,rarclear export machinery mRNA. Recent
literature has shown that TREX mediated mRNA exjmoenhanced by $A modification of
mRNAs, with direct TREX complex binding®% modification machinery scaffold proteins vir
like m°A methyltransferase associatadr(ma) and WT associated proteii@p) (21, 23).
Disruption of the A modification complex was shown to significantigpact the ratio nuclear
to cytosolic abundances of knowrfAmodified transcripts, but not control transcriptishout
m°A sites. Assembly of the %A complex occurs dynamically within phase-separatetiear
speckles, colocalizing with the TREX complex assigrabd binding 22). This phase separation
is driven byMettl3 when bound tdettl 14 during assembly, biettl3 homodimerization can
drive phase separation and assembly in the absénettl 14 (22). Mettl 14 is not capable of
driving the same phase separation, even when honeodation is forced by experimental
fusion protein expressio22).

Mettl3 self-interaction is normally capable of drivinggse separation and assembly of tha m
modification machinery complex, which along with WH binding, promotes phase separation
of the mRNA bound complex22). This phase separation puts th#Arnomplex-bound mRNA
in close contact with TREX complex, promoting bimgliand nuclear export vidxf1 recruitment
and mRNA handover. Simultaneously’Armodified mRNAs are recognized Mhdcl, leading
to export viasf3 binding 65). TREX complex members, along with potentiallyatmRNA
export factors, shuttle back and forth from nucleusytoplasm to affect mMRNA expo1(, 23).
TREX binding to non-ifA modified transcripts also leads to mMRNA expott, through binding
at alternate sites, leading to low efficiency opest of normally fiA modified transcripts3).
Mettl14 plays aMettl3-independent role in chromatin openness througdttinteraction with
H3K27me3 and recruiting dm6b to induce H3K27me3 demethylatiobbj. This promotes
transcription, withMettl 14, but notMettl3 deletion exhibiting a global decrease in trangicnp
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471 rate, which promotes binding to the TREX complethwi phase separated nuclear speckles.
472  These bound complexes are likely not properly baonmdRNAS due to the absencelbétti 14.
473

474  Taken together with our data, this suggests a Iplessiechanism of mRNA trafficking defects
475 unique toMettl14 deletion models not seen undiéettl3 deletion Fig. 8). Perturbation of the
476  above mechanisms Mettl14 deficient cells results in nuclear sequestratioine associated
477 TREX complex via some potential mechanism of assinzi with n"fA machinery components
478 in the absence dfettl14 (Fig. 8, right). Specifically, the reports dflettl3 self-interaction and
479  association withMtap driving phase separation of bound complex, andiiosvn role ofMettl3
480 in binding to the TREX complexX®, 23), nuclear retention of RNAs iMett|14 deletion 67)

481 and our current report of TREX nuclear sequestandvettl14 deletion together could all

482  contribute to differences in outcomeMéttl3 deletion andviettl14 deletion models viMettl14
483  independent interaction Mettl3. This would lead not only to dysregulation of noripah®A
484  modified transcripts, but all transcripts whichiaé the TREX mechanism of nuclear export.
485

Cytoplasm
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486 Nuclear speckles A
487  Fig. 8. Proposed mechanismsfor nuclear maintenance of TREX in Mettl 14 deletion

488  In wild-type cells (left) Mettl3 andMettl 14 function as a complex to placéAmodificationson
489 mRNA transcripts. IMettl3-deficient cells (middle), export of normally’Axmodified

490 transcripts is slowed, but transcription ratesraantained or increased, allowing alternate
491  pathways of TREX-mediated mRNA export to functiorapacity $6). In Mettl14-deficient
492  cells, n"fA-mediated mechanisms of MRNA export are impaiiedlarly to Mettl3 deletion, bu
493 TREX complex shuttling is also impaired through leac retention by mechanisms not yet
494 understood. At the same time, global transcriptadas are impacted by lossMéttl 14

495 chromatin binding (Created with BioRender.com).
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At the same time, pre-mRNAs are not properfArmodified, reducing the processes of mMRNA
splicing and processing, and leading to increasetear mRNA surveillance recognition and
degradation of these overabundant and impropeligesbpre-mRNAS, as seen represented in
our data presented here. Furthermore, the co-opfitige mMRNA surveillance and degradation
pathways might competitively inhibit this processni regulating other pre-mRNAs which
might be frequently alternatively spliced or impedy processed as a regulatory mechanism.
Overactivation of mRNA degradation and nucleotic@venging processes due to mMRNA
processing and trafficking machinery defects caldw lead to a cascade of apoptotic, stress,
and immune responses which could contribute togamdieterotypia and overall liver damage.

Significant changes iRledgehog, PPARy, c-Myc, andPI3K/mTOR/Akt signaling axes were
detected and impacts offon signaling deserve special consideration itofolup work. In
particular,Smo mRNA has been found in several studies to havéipteim®’A modification

sites, and expression is likely regulated by theehanism30). Our GSEA results confirmed the
important dysregulation dfledgehog signaling, with several gene sets involved nat yuith

Smo itself, but alsdHedgehog ligand synthesis and trafficking pathways sigmifitty reduced
(Fig. 2E,F). Noted changes to overall lipid metabolism anossguent pre-diabetic and pro-
fibrotic responses as well as cell cycle dysreguiaeading towards an HCC like state are all
observed possible downstream effectbsledigehog signaling dysregulatior8g—36). Our
transcriptomics data showed changes in cilianfitkihg of Hedgehog signaling ligands, despite
hepatocytes lacking cilia. Taken together withglgmificant changes in bile acid salt
metabolism and secretion, there are likely changekedgehog signaling cholangiocytes and
potentially between hepatocytes and peri-biliarstaddibroblasts §8).

The results of this study merit follow-up work irstgjating this model mechanism. Changes in
Mettl14 and miA modification abundances have been widely repaateticonsidered as disease
biomarkers in various liver diseases including MA&ktl HCC, and work is ongoing for
potential therapeutic applications targetMetti14 and overall PA regulation {, 2, 59, 60). It is
therefore urgent that we understand the outcomebaniges td/ettl 14 andMettl3 expressionn
vivo thoroughly, both together and in isolation, to mficdrug target development. The scope of
bulk-RNAseq limits this study, and follow-up stuslietilizing spatial transcriptomics would
strengthen our understanding of the rolélefigehog signaling. This signaling occurs both
within hepatocytes and between hepatocytes, pkgipportal fibroblasts, and cholangiocytes.
Understanding this signaling more thoroughly waalldw us to understand the contribution of
non-hepatocyte cell types in general in this livgury state inMettl14 deletion. Follow-up work
could also clarify the transcriptomic and proteostete ofMettl14 deletion mice at earlier
timepoints during the initial onset of liver injyrgnd of the duaYthdf1”/Ythdf2™" /Alb-Cre
mouse model in comparison Mettl 14 deletion to further confirm and specify the gene
dysregulation responsible for the differences jarinphenotypes.

Materialsand Methods
Experimental Design
Experiments were designed to specifically assesanbacts of fA within the context of ain

vivo system. Mouse models for study were obtained ssritbed in the relevant materials and
methods section below. Study of the steady stapadts in adult mice was conducted initially
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543  via histologic analysis of H&E stained liver secisato determine any gross defects, and assess
544  the nature of any evident changes. Due to the evigless morphologic changeshitett!14

545 deficient liver tissue, we aimed to fully charaiterthe nature of the defects by determining
546  whether this injury was due to improper liver orggenesis and development, or tissue

547 maintenance and metabolism defects. To distinduesiveen these two effect types, we

548 performed similar histology analysis Mettl14 model mice over a time course of early post-
549 natal development. Simultaneously, we developeddaurcible model of gene deletion for

550 Mettl14, described in the relevant materials and methedsaos, to clearly exclude any

551 developmental effects from impacting tissue architee or damage. Our subsequent

552 experimental designs were focused on two spedifestions: the roles of %A machinery

553 components in injury response and regenerationtfenthechanisms leading to the unique
554 nuclear heterotypia phenotype seen specificalMéttl14 deletion liver tissue.

555

556  To further probe the roles of° machinery components in injury response and reggion,

557 we imposed a suite of injuries and insults to therlwith various mechanisms of damage.

558 Physical injury was induced via two-thirds parhapatectomy, while chemical injury to

559 hepatocytes was modeled by ¢@éatment. DDC was utilized to model cholestaisedse via
560 injury by blocking bile ducts. Finally, we modeledmponents of chronic hepatitis B infection
561 by developing an HBV expressigtti14 deficient mouse line. While the HBV expressing
562 mouse model does not fully model chronic infect@sthese animals are tolerized to HBV and
563 express the genome themselves rather than supgptmdim viral infection, aspects of chronic
564 HBYV infection such as HBV protein toxicity are repented in this model.

565

566  To better understand the mechanisms underlyingdlkear heterotypia observedhfett 14

567 deletion liver tissue, we first aimed to charadethe state of these mice by transcriptomic
568 analysis. To get better data on any changes oéautdcalization, nuclear heterotypia was
569 further explored by flow cytometry analysis of hegmyte nuclei ploidy. Since this can skew the
570 data, as larger nuclei may be more fragile andliksly to be cleanly isolated from liver tissue,
571 image analysis of confocal images of liver sectimas used to quantify the nuclei size

572 distributionin situ. Finally, due to the high autofluorescence bacdkgdomaking antibody-based
573 fluorescent imaging difficult in liver tissue, werived a mouse embryonic fibroblast line with
574 similar levels oMettl14 knockdown in order to image subcellular localiaatand expression
575 levels ofMettl14, Mettl3, andAlyref, a component of the TREX mRNA transcription andagk
576 complex.

577

578 Mice

579 C57BL/6 and B6.Cd9APcre2IManalh_cre) were obtained from the Jackson Labosa(Bar

580 Harbor, ME) 27). Mettl14[fl/fl], Ythdfl-/- andYthdf12[fl/fl] (all on the C57BL/6 background)
581  were kindly provided by Dr. Chuan He (University@ficago, HHMI) 26) Alp"™(Cre/ERT2Mtzy,
582  Dr. Pierre Chambon (INSERMniversite” Louis Pasteur) (37) and 1.3x HBV transgenic mice
583 by Dr. Frank Chisari (Scripps Researdb)( Mettl 14™" /Alb-Cre, Ythdf2"" Alb-Cre and

584  Ythdf2"™ /Alb-Cre Ythdfl™, Mettl 14" /AIb-ERT2-Cre, Mettl 14" /Alb-Cre/1.3x HBV tg mice
585 were generated by intercrossing mice harboringebpective alleles and typing offspring with
586 primer combinations distinguishing wild-type andtemt alleles (typing information are

587 available upon request).

588
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589 Animal experiments were performed in accordancepootocol (number 3063) reviewed and
590 approved by the Institutional Animal Care and Usentittee (IACUC) at Princeton University
591 and in accordance to IACUC protocol 2016-0047 neeitt and approved by the Weill Cornell
592 Medical College IACUC.

593

594 Tamoxifen induction experiments

595 Tamoxifen induction of Alb-ERT2-Cre expressing mwas performed using a protocol adapted
596 from the Jackson Laboratory. Tamoxifen (Sigma-AldyiSt. Louis, MO) was dissolved in corn
597 oil at a concentration of 20 mg/ml by shaking ovginhat 37°C. Tamoxifen solution was

598 administered by intra-peritoneal injection at aelosapproximately 75 mg/kg body mass, a
599 standard dose of 100 ul per mouse. 5 days of catise®nce daily administration were

600 performed to induce recombination, followed by omeekly injection for 6 weeks of total time
601 before animals were sacrificed for experimentalyai® All materials, animal bedding, and

602 waste was handed appropriately to avoid exposupersinnel.

603

604  Histology

605 During sample collection, mouse livers were peruséh PBS (Life Technologies, Carlsbad,
606 CA) using a BD Vacutainer SafetyLok butterfly ne=@B gauge, 2/4” needle length, 12" tubing
607 length (Becton, Dickinson and Company, Franklin@sk\J) via the portal vein prior to

608 removal to clear the liver tissue of blood and achkicleaner histology sections. Samples were
609 collected and placed in 4% [w/vol] PFA preparedrfra 10% [w/vol] neutral buffered formalin
610 solution (Sigma-Aldrich, St. Louis, MO) for fixatioprior to paraffin embedding for histologic
611  sectioning and staining.

612

613 Samples from DDC and C&{gxperiments were sent to Saffron Scientific Hsggl Services,

614 LLC (Carbondale, IL) for paraffin-embedding and tataxylin and eosin (H&E) or Picrosirius
615 Red staining.

616

617

618 Separate samples were placed in OCT in plastiettassand frozen at -20°C. Cryostat

619 sectioning using a CM3050S Cryostat (Leica BiosysteWetzlar, Germany) was performed to
620 obtain ~5um thick sections and samples were mouwriaglass slides and stained with

621 Hoechst33342 (Invitrogen, Waltham, MA) at 5Sug/mIual] for 30 minutes at room temperature
622  prior to being sealed under glass coverslips withéhg™ Gold Antifade Mountant

623  (Invitrogen, Carlsbad, CA). These liver-sectionlet were imaged using a Nikon Ti-E

624  microscope with Spinning Disc and Photomanipulaktwdule (Minato City, Tokyo, Japan),

625 and nuclear area was analyzed using Fiji imageysisaio set regions of interest around the

626 nuclei 62).

627

628 Partial hepatectomies

629 After weighing animals and recording pre-operatight, we conducted surgeries under

630 isoflurane induction of anesthesia. Following appIACUC protocol (number 3063), we used
631 a surgical technique adapted from Nevzorova ébakmove 3 lobes from the liver, representing
632 approximately two thirds of liver mas40). Removed tissue was weighed to confirm the amount
633  of liver mass loss, and the peritoneal wall weosetl after application of analgesic medication
634  using discontinuous 4/0 vicryl sutures (Ethicorgstal technologies, Bridgewater, NJ). Skin
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635 was closed using surgical wound clips (Stoeltingod/Dale, IL) rather than sutures to prevent
636 wound re-opening from animals licking or chewingtba incision site. Animals were weighed
637 post-operatively, and daily thereafter, with re@atdveights corrected for the weight of surgical
638 staples used. Analgesic medication was administernee daily, in accordance with the

639 timeframes in the approved protocol. At 2 weekd4sasgery, animals were sacrificed for

640 collection of liver samples and analysis.

641

642 DDC and CCl, toxicity experiments

643  Mice arriving from Princeton University were housedhe quarantine facility aiVeill Cornell
644 Medicine for 6 weeks before being used for livguin experiments. All mice were under a 12-
645 hour light: dark cycle with free access to regfitend and water. Mice used for fibrosis or injury
646 models were used at ages 10-12 months unless alkandicated.

647 For CCJ, experiments, mice received biweekly injection2%% [w/vol] CCL4 (Sigma-Aldrich,
648  St. Louis, MO), diluted in corn oil at a dose afl&y, for a total of 4 weeks. 0.1% [w/w] 3,5-

649 diethoxycarbonyl-1,4-dihydrocollidine (DDC) (SignAddrich, St. Louis, MO), was mixed with
650 5053, Purina Picolab Rodent Diet 20 (Envigo, Indf@oiis, IN) and given for 21 days. Animals
651 were randomly assigned to groups. Blinding couldb®operformed given the nature of the

652 experiments. All animal experiments were perforrordt least two separate occasions and in
653 accordance with the guidelines set by the Instin#i Animal Care and Use Committee at Weill
654 Cornell Medicine and approved in IACUC protocol 861047.

655 Liver tissues were fixed in 4% [vol/vol] paraforrdahyde and sent to Saffron Scientific

656 Histology Services, LLC (Carbondale, IL) for pamfémbedding and hematoxylin and eosin
657 (H&E), and Picrosirius Red staining. Stained ligections were observed and imaged using the
658 Axioscan 7 Slide Scanner (Zeiss, Jena, Germanyaaalyzed for percent area fibrosis using
659 ImageJ software (https://imagej.net/Image).

660

661 HBV assays

662 HBsAg and HBeAg antigen levels were quantified ievijously describeds@) from serum

663 samples obtained by submandibular bleeds of expetehmice. Gemiluminescence

664 immunoassays (CLIA) for both antigens were perfatmsing HBsAg and HBeAg CLIA kits
665 from Autobio Diagnostics (Zhengzhou, Henan, Chaxajording to manufacturer instructions
666  using 50l of serum.

667

668 HBV rcDNA and pgRNA were extracted from both motiger tissue and serum samples using
669 a Quick-DNA/RNA Microprep Plus Kit (Zymo Researdhine, CA) following the

670 manufacturer’s instructions. Briefly, liver samplesd serum samples were resuspended in
671 300 ul DNA/RNA Shield. Liver samples were homogenizathg a TissueLyser LT bead mill
672 (Qiagen, Venlo, The Netherlands) for three sep&atenute cycles followed by digestion with
673 157 ul Proteinase K (20mg/ml) for 30 1min. 3007ul DNA/RNA lysis buffer was then added to
674  both liver and serum samples. Samples were loadedymo-Spin IC-XM columns to collect
675 the DNA and flow-through was saved. An equal volwhethanol was added to the flow-

676 through to purify RNA by using the Zymo-Spin IC goin. Finally, the DNA/RNA was eluted
677 from the columns with 30pul of nuclease-free water and concentrations wer@sored using a
678 Nanodrop spectrophotometer (Thermo Fischer Scien#faltham, MA).

679
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680 HBV rcDNA was quantified from 2ul aliquots of HBV DNA isolated either from liveasples
681 or blood serum was used per reaction well. We assdll-characterized HBV rcDNA qPCR
682 system with HBV-gF (nt 1776-1797, numbered basegt@with GenBank accession no.

683 U95551.1): 5GGAGGCTGTAGGCATAAATTGG-3 HBV-gR (nt 1881-1862, numbered

684 based on gt D with GenBank accession no. U95558-0ACAGCTTGGAGGCTTGAAC-3

685 covering the conserved region of HBV(LLD1.0E 1+[ 13 copies/mL)63). Primers were kept at
686 a final concentration of 500nM in a 20ul reaction volume. On a Step One Plus gPCR machine
687 (Life Technologies), we ran the following progragenature 95°C for 10Jmin, followed by

688 40 cycles of 95°C for 30s, 601°C for 30s, and 72 °C for 25_s.

689

690 HBV pgRNA was quantified from HBV RNA extracted fndiver tissue or serum as described
691 above. 7.5ul of the resultant sample was treated by DNasé&é(fho Fisher Scientific,

692 Waltham, MA, USA) followed by reverse transcriptiaith a specific HBV primer (5

693 CGAGATTGAGATCTTCTGCGAC-3 nt 2415-2436, numbered based on gt D with GenBank
694 accession no. 85551.1) located in precure/core reg(64) using RevertAidTM First Strand

695 DNA Synthesis Kit (Thermo Fisher Scientific, WalthaMA, USA). For absolute quantification,
696 standards with 1-mer HBV target template were adané the TOPO-Blunt Cloning vector

697 (Thermo Fisher, Waltham, MA, USA #450245) and copynber was calculated based on the
698 vector molecular weight and concentration. A masterwas created containing 15l

699 2(Ix[ITagman reaction mix (Applied Biosystems, Walthard, MSA), 500" nM forward and
700 reverse primers, 2000nM probe and 3l synthesized cDNA in a 3QuL reaction. This master
701  mix was then added to the samples and 10-foldIsBligion standards and the following

702  cycling program was used to run the qPCR:195 for 10 Imin; 45 cycles of 95°C 15 'sec

703 and 581°C for 45 Isec.

704

705 RT-gPCRsfor cellular transcripts

706  To assess RNA levels dfettl14, Mettl3, andAlyref, as well as Cre and simian virus 40 (SV40)
707 large T antigen (LT) transgenes, reverse transonpeal-time gPCR was performed on RNA
708 samples from mouse liver samples and mouse emlarjibnbblast cell culture samples. All

709 gPCRs were performed using the Luna® Universal Steg- RT-gPCR Kit (New England

710 Biolabs, Ipswich, MA) and &tep One Plus gPCR machine (Life Technologies,s6ad, CA).
711  Mettl14 was analyzed using the forward primer GACTGGCATCACTGCGAATGA-3’) and
712 reverse primer (5’ AGGTCCAATCCTTCCCCAGAA-3").Mettl3 was measured using the

713 forward primer (5'-CTGGGCACTTGGATTTAAGGAA-3’) and reverse primer (5'-

714 TGAGAGGTGGTGTAGCAACTT-3’).Alyref was measured using forward primer (5'-

715 GGCACCGTACAGTAGACCG-3’) and reverse primer (5'-

716  AAGTCCAGGTTTGACACGAGC-3). Cre levels were measured using forwaichpr (5'-

717 GCGGTCTGGCAGTAAAAACTATC-3’) and reverse primer (5'-

718  GTGAAACAGCATTGCTGTCACTT-3). LT levels were assesdseith forward primer (5'-

719 CTGACTTTGGAGGCTTCTGG -3") and reverse primer (BGAAAGTCCTTGGGGTCTTC
720 -3’). All transcript levels were normalized to helseping gene standard GAPDH, which was
721 measured using the forward primer (EEATGGAGAAGGCTGGGGC -3’) and reverse primer
722  (5’- ATGACGAACATGGGGGCATCAG -3). All primers were commaally obtained from

723  Eton Biosciences (San Diego, CA). Standard reagfograms were run using the Step One
724  software and Tm recommendations.

725
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726  Transcriptomics

727  Liver tissue was collected from animals after pgida with PBS via the portal vein to remove
728  blood from tissue. RNA was extracted from bulk fitiessue using the Monarch total RNA

729  miniprep kit (New England Biolabs, Ipswich, MA) afthomogenization with steel beads using a
730 TissueLyser LT bead mill (Qiagen, Venlo, The Neldnais). After extracting total RNA, we

731 verified high-RNA quality by Bioanalyzer RNA Nana¢B assay (Agilent Technologies, Santa
732 Clara, CA).

733

734  We used 50 ng total RNA per sample for gene exmnegsofiling. We performed bulk RNA-
735 barcoding and sequencing (BRB-S&%) with minor modifications to the reverse transeapt
736 (RT) step. We used Template Switching RT Enzyme (MiB, Ipswich, MA), along with a

737  uniquely barcoded oligo(dT)30 primer for each samnpiodified to use the lllumina TruSeq

738 Read 1 priming site instead of Nextera Rea@b)l We performed the remainder of BRB-Seq per
739  protocol: we pooled up to 24 first-strand cDNAiatsingle tube, performed Gubler-Hoffman
740 nick translation cDNA synthesis, and tagmented cDMth in-house-produced Tn7). We

741 amplified cDNAs with 17 PCR cycles using a P5-contey primer and a distinct multiplexed i7
742 indexing primer (Chromium i7 Multiplex Kit, 10X Gemics, Pleasanton, CA). We performed
743  size-selection using sequential 0.55X and thenX0SBRIselect (Beckman Coulter, Brea, CA),
744  and sequenced libraries on one lane of a NovaSed SHlowcell (lllumina, San Diego, CA)
745  with 28 cycles Read 1, 8 cycles Read i7, and 1@&syRead 2.

746

747  Nucle Isolation

748  Nuclei for and flow cytometry analysis were extetfrom frozen liver tissue samples as

749  previously described8). Briefly, Samples were prepared by incubatingtife obtained liver
750 tissue samples of approximately 1 gram in HypoTleswi® FRS solution (Sigma-Aldrich, St.
751  Louis, MO) for 15 minutes on ice, followed by 30muies in CryoStor® CS10 cryopreservation
752 medium (STEMCELL technologies, Vancouver, BC, Caamh ice. Samples were then frozen
753 overnight at -80 °C in a in a Mr. Frosty cryo-freggcontainer (Thermo Scientific, Waltham,
754  MA). Tissue was then briefly washed in ice-cold 3@ hermo Scientific, Waltham, MA),

755 minced using surgical scissors in a petri dish gmall pieces, and homogenized using a glass
756 tissue grinder dounce with the small sized pest{®WK Life Sciences, Wertheim, Germany).
757  Nuclei were briefly fixed with 0.1% [w/vol] PFA (Ettron Microscopy Sciences, Hatfield, PA)
758 and separated by centrifugation at 5009 for 5 nemutluclei were then washed and prepared for
759 downstream applications as appropriate.

760

761 Gene set enrichment analysis

762  Transcriptomic data was analyzed by GSEA softw@®e70). Analyses were performed using
763 the MSigDB M2 curated mouse gene set dataldages(//www.gsea-msigdb.org/gsea/msigdb/
764  This gene set was chosen since we were lookingpkecific mechanisms of RNA metabolism or
765 specific steps of metabolism important to liverdtion and cell cycle regulation, rather than
766  general signaling pathways and pro-cancer genevdgts were strongly represented in other
767 gene set databases such as the hallmark MH gedeataétse.

768

769  Flow cytometry

770
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Nuclei, isolated as described above, were prefdardtbw cytometry by staining with Hoechst-
3342 (Invitrogen, Waltham, MA) at 5ug/ml [w/vol]f@0 minutes at room temperature,
followed by 3 washes in DPBS (Thermo Scientific,ltivam, MA) supplemented with 5% fetal
bovine serum. Flow cytometry data collection wadgyened using an LSRII Flow Cytometer
(BD Biosciences). Data were analyzed using Flowadoware (TreeStar).

Mouse embryonic fibroblast [MEF] generation

MEFs were generated as previously descril@é)l Briefly, In brief, the skin biopsies were
scraped to remove connective tissue, cut into smpiéces, and digested overnight at 4°C in
HBSS without Ca2+ and Mg2+ (Thermo Fisher Scietjtiftontaining 1 ml dispase (5,000
caseinolytic units/ml; Corning) for every 9 ml oB8S containing final concentrations of 100
mg/ml streptomycin, 100 U/ml penicillin, and 250'm$amphotericin B (HyClone). After
digestion, the epidermis was removed and discakdeereas the remaining dermis was cut into
smaller pieces less than a few square millimeteegsea. These pieces were moistened with
DMEM and pressed into a six-well plate scored wittazor blade. The dermis was maintained
in DMEM containing 10% FBS and 1% vol/vol peniciflstreptomycin solution at 37°C, 5%
CO2. Media was changed every 4-5 d and fibroblastiy was typically observed within 1 wk
of culture. Once sufficient outgrowth had occurrise, dermis was removed from the plate and
the fibroblasts expanded into larger cultures.

To generate the immortalized dermal fibroblast led, y-retroviral pseudoparticles containing a
transfer plasmid encoding Simian virus 40 (SV4@jdal antigen were produced in HEK293T
cells. Cells were cultured on poly-L-lysine—coalédcm plates at 37 °C, 5% (vol/vol) CO2 in
10% FBS DMEM. At ~80% confluency, Xtremegene HP Dii@nsfection reagent
(MilliporeSigma, 6366244001) was used per manufaci directions to cotransfect the cells
with 4 ng of pBABE-neo-SV40 large T, a generous gift fromviBeinberg (Addgene plasmid no.
1780); 4ug of a plasmid containing the genes for Moloneyinaileukaemia virus gag-pol; and
0.57ug of a plasmid containing the gene for the G erp@lorotein of vesicular stomatitis virus.
Supernatants were harvested 24, 48 and 72 h posféction, stored at 4 °C then pooled before
passing through a 0.48n membrane filter (MilliporeSigma, HAWP02500). Palgne (Sigma-
Aldrich, TR-1003; final concentration, &y ml-1) and HEPES (Gibco, 15630080; final
concentration, 2 mM) were added to the filteredesnatants; aliquots were prepared and at —80
°C until needed. Primary dermal fibroblasts weredgel in six-well plates for transduction so
that cell confluency was 30—-40% at the time ofgdarction. The cells were ‘spinoculated’ in a
centrifuge at 37 °C, 931 relative centrifugal fofce.f.) for 2 h with 2 ml of thawed, undiluted
y-retroviral pseudoparticles per well. The cells eveubsequently kept at 37 °C, 5% (vol/vol)
CO2 and the media replaced with 10% FBS DMEM 6 $t4gpinoculation. The transduced cells
were pooled once they achieved ~80% confluenclgaersix-well plate and subsequently
expanded to prepare immortalized cell stocks. @edie verified as negative for mycoplasma by
testing with the MycoAlert Mycoplasma Detection Ag«kit (Lonza, LTO7-318) per the
manufacturer’s instructions.

To establish th#ettl 14 deficient MEF cell line, MEFs were transduced WwitBV-G

pseudotyped lentiviral particles expressing CREmdznase. Lentivirus was generated as
described above. The CRE expressing lentiviral bac& was obtained as CSW-CRE plasmid, a
generous gift of Dr. Charles M. Rice, The Rockefellniversity).
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I mmunofluor escence imaging and Image analysis

MEF cells were seeded and grown overnight on glasgsrslips before being fixed with 4% PFA
[w/vol.] at room temperature for 30 minutes. Aftie@ation, cells were washed with PBS and
then permeabilized at —20°C for 10 min in ice-c@¥o (v/v) methanol. Cells were washed
again in PBS and blocked at room temperature foyukr with IF buffer [PBS supplemented with
10 % (v/v) FBS and 2 mM EDTA|]. Cells were incubatee@rnight at 4°C in primary antibody
diluted in IF-T buffer (IF buffer with 0.3 % TritoX-100). The following day, cells were washed
three times in IF-T buffer, incubated at room terapge for 1 hour in secondary antibody
diluted 1:100 in IF-T buffer, washed three timeaiagand then imaged with a confocal
microscope. A polyclonal antibody was used at 1f0Mettl 14 (Invitrogen, Waltham, MA).
Monoclonal antibodies were used at 1:250Mattl3 [EPR18810] (Abcam, Cambridge, UK) and
Alyref [EPR17942] (Abcam, Cambridge, UK).

The Hoechst-3342 channel from the images was d&ttaand Cellpose 2.0%) was used to
generate segmentation, outlining the nuclei. Tleskned nuclei images were then imported
into the Tissue Analyzei78) plugin of Fiji for manual inspection and correxti After

corrections, the outline images were transforméal labeled images by assigning a unique label
to each pixel within the nuclei boundaries usinghBg's scikit-image and OpenCV2 libraries.
These labeled segmentation masks were utilizedltnlate the size and mean intensities for
each nucleus across all other channels. This wasragadished through a Python script that
iterates over each labeled region, extracting nthpkesls and computing their size and mean
using NumPy.

Western Blot

Cells or liver tissue samples were lysed in icetdIPA buffer [1% Nonidet P-40, 0.5%
Deoxycholate, 150 mM NaCl, 50 mM Tris-HCI, pH 7.4.5 mM MgCI2, 1 mM EGTA, 10%
(v/v) glycerol] supplemented with 1x protease inaibcocktail (Sigma-Aldrich, St. Louis, MO),
spun at 12,000 rpm for 10 min, and pellet discar@edtein amounts were quantified with a
Pierce BCA kit (Thermo Fisher Scientific, Somer$é&t), mixed with 6x Laemmli buffer, heated
at 95°C for 5 min, loaded into a 10% polyacrylamygd and ran at 170 V for 1 hour. Gels were
transferred to a nitrocellulose membrane with ai&8itotter (Idea Scientific, Minneapolis,
Minnesota), blocked in Tris-buffered saline with%. [v/v] Tween-20 with 5% [w/v] milk for

30 min at room temperature, and incubated with @rynantibody for 1 hour at 4°C. Membranes
were washed three times for 5 min in TBST and iated for 30 min in either IRDye 680CW or
800CW secondary antibodies (Licor, Lincoln, NER@,000). Imaging was performed with the
Li-Cor Odyssey Infrared Imaging System (Licor, Loht, NE).

Statistical analysis

An unpaired-student’s T-test was used to comparepy to wild-type in figures 3B, 4B,

5B,C,D, 6B, 7B,C. A paired student’s T-test wasdugecompare weight changes over time to
wild-type baseline in partial hepatectomy recoveirefigure 3C. P-values of 0.05 or less were
considered significant. Transcriptomic analysi©igdDESeq2 determined significance by using
Benjamini and Hochberg method-corrected Wald Testl&es (Fig 2, Supplemental Data 1). P-
adj values of 0.1 or less were considered as titthis analysis. The regression analysis to
compare known i modified sites 80) with DEG fold-change expression was done using
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863 internal statistics tools in Graphpad Prism sofenardetermine non-linear regression to a

864 second order polynomial (quadratic), to determibhest fit model to the data. A P-value of

865 <0.0001 and R-squared of 0.05239 was recordedhéoalternative hypothesis (BO

866 unconstrained), and a R-squared value of -0.48&4re@rded for the null hypothesis (BO = 0).
867 GSEA software was used for gene set enrichmenysiadf0), and P-values are derived by

868 permutation using the standard 100 permutationuitedatting. We included data from gene-sets
869 reported with p-values over the significance ctéiasfwell to give a more complete picture of
870 the pathways represented by significant DEGs, exen the number of related DEGs was

871 somewhat low for a pathway. P-values and numb&&sES found for each gene set listed are
872 shown in the figures (Fig. 2E,F). All graphs offdol data were plotted in GraphPad Prism 10.
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