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ABSTRACT We have previously described the role of an essential Saccharomyces cerevisiae
gene, important for cleavage and polyadenylation 1 (IPA1), in the regulation of gene
expression through its interaction with Ysh1, the endonuclease subunit of the mRNA
39-end processing complex. Through a similar mechanism, the mammalian homolog ubiqui-
tin protein ligase E3D (UBE3D) promotes the migratory and invasive potential of breast cancer
cells, but its role in the regulation of gene expression during normal cellular differentiation
has not previously been described. In this study, we show that CRISPR/Cas9-mediated
knockout of Ube3d in 3T3-L1 cells blocks their ability to differentiate into mature adi-
pocytes. Consistent with previous studies in other cell types, Ube3d knockout leads to
decreased levels of CPSF73 and global changes in cellular mRNAs indicative of a loss
of 39-end processing capacity. Ube3d knockout cells also display decreased expression
of known preadipogenic markers. Overexpression of either UBE3D or CPSF73 rescues the
differentiation defect and partially restores protein levels of these markers. These results
support a model in which UBE3D is necessary for the maintenance of the adipocyte-com-
mitted state via its regulation of the mRNA 39-end processing machinery.
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Eukaryotic cells must be able to dynamically regulate gene expression in response to in-
ternal and external signals. This regulatory capacity is coordinated by a broad network of

molecular interactions impacting all aspects of the mRNA life cycle. It is increasingly appreci-
ated that cleavage and polyadenylation of nascent transcripts at the 39 end represent a key
control point since changes in processing efficiency can affect the amount of the mRNA prod-
uct (1–5). In addition, changes in which the poly(A) site is used can impact the protein product
directly, in the case of intronic polyadenylation, or indirectly by altering the inclusion of regula-
tory sequences in the 39 untranslated region (UTR). This is particularly important during cellular
differentiation, where alternative polyadenylation (APA) has been shown to play a role in proc-
esses such as spermatogenesis and neurogenesis, as well as in induced pluripotent stem cell
(iPSC) reprogramming (6).

The core factors which mediate the cleavage and polyadenylation of nascent mRNAs are
generally conserved across Eukarya despite variations in the need for additional factors, the
organization of the complex, and the consensus sequences that define the poly(A) site
(7–9). The availability of cleavage and polyadenylation subunits has been shown to influ-
ence poly(A) site use, with decreased levels of core factors often leading to shifts in 39-UTR
lengths through the use of alternate poly(A) sites (1–3, 10). Knowing how the levels of these
essential proteins are themselves regulated by the cell is therefore critical to understanding
how 39-end processing capacity affects cellular function.

Important for cleavage and polyadenylation 1 (IPA1) is an essential yeast gene whose
function was, until recently, unknown. We identified a role for IPA1 in mRNA 39-end processing
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by analyzing its genetic interaction profile and showed that an IPA1 mutant is defective for
processing and displays a characteristic shift to downstream poly(A) sites as seen in other
39-end processing mutants (11, 12). We demonstrated that IPA1mutant cells exhibit decreased
protein levels of the Ysh1 cleavage site endonuclease except wild-type levels of other process-
ing complex subunits and that degradation of Ysh1 occurs in a ubiquitination-dependent man-
ner, leading to global downregulation of mRNA 39-end processing (12, 13).

The metazoan homolog of IPA1, ubiquitin protein ligase E3D (UBE3D), has not been exten-
sively studied. In 2005, biochemical experiments showed that UBE3D binds cyclin B in vitro
(14), but the functional implications of this interaction were not investigated. More recent
work has provided additional evidence for its role in cell cycle regulation (15) and linked
UBE3D to macular degeneration, chronic periodontitis, and fatty acid composition of sheep
muscle (16–19). The molecular mechanism behind these associations, however, remains
unclear. In a recent study (20), we provided evidence that the interaction between Ysh1 and
Ipa1 seen in yeast is conserved in metazoans. In both HEK-293, an immortalized human em-
bryonic kidney cell line, and MDA-MB-231, a triple-negative breast cancer cell line, we show
that loss of UBE3D leads to CPSF73 downregulation, a pre-mRNA cleavage defect, and dysre-
gulated gene expression. Like Ipa1, UBE3D stabilizes CPFS73 protein by preventing its ubiq-
uitin-mediated degradation by the proteasome.

We were curious as to what role UBE3D might have in cell state transitions in normal
cells. A recent study on the inhibition of CPSF73 by the small molecule JTE-607 found that
genes in the Gene Ontology (GO) terms related to fat cell differentiation were significantly
downregulated in NOMO-1, an acute myeloid leukemia cell line, and in A549 cells derived
from a lung adenocarcinoma (21). This observation suggested to us that downregulation of
CPSF73 by UBE3D might affect adipogenesis. However, the roles of UBE3D or CPSF73 in the
context of adipocyte differentiation have not been explored. Moreover, little is known about
the regulation of polyadenylation during adipogenesis, and only a few examples have been
documented. Differential use of poly(A) sites in UCP1 39 UTR is important for the thermo-
genic function of brown adipose tissue (22), providing an illustration of how APA can shape
adipocyte function. RNA sequencing of human adipose tissue-derived stromal cells before
and during the initial steps of differentiation in vitro revealed both lengthened and shortened
39 UTRs (23). An analysis of murine 3T3-L1 preadipocyte cells showed an overall increased use
of distal poly(A) sites following full differentiation (24). While these studies suggest that mRNA
39-end processing plays an important regulatory role during adipocyte differentiation, the fac-
tors mediating these changes are not known. We therefore chose to use 3T3-L1 preadipocytes
as an in vitromodel to study the role UBE3D plays during normal cellular differentiation.

3T3-L1 cells represent committed adipocyte precursors that differentiate robustly in vitro
when treated with a defined differentiation medium (25, 26). In this work, we show that
UBE3D levels are highest in undifferentiated 3T3-L1 cells. Knockout (KO) of Ube3d using
CRISPR/Cas9 completely abolishes the ability of these cells to differentiate into mature adi-
pocytes, and this phenotype can be rescued with overexpression of Ube3d or CPSF73. Bulk
mRNA sequencing comparing wild-type (WT) and Ube3d-KO cells shows that Ube3d-KO
cells display hallmarks of a 39-end processing defect as well as gene expression changes,
indicating a shift away from the committed preadipogenic state. We conclude that UBE3D
is necessary for maintenance of the adipogenic commitment of 3T3-L1 cells and that this
function is promoted through its regulation of CPSF73 levels.

RESULTS
UBE3D is highly expressed in preadipocytes and decreased during differentiation.

3T3-L1 cells robustly differentiate into adipocytes when treated with a well-established
protocol involving a defined induction cocktail containing insulin, dexamethasone, rosigli-
tazone, and 3-isobutyl-1-methylxanthine (IBMX) (26). For the cells to respond to the differ-
entiation protocol, they must reach confluence, at which point they undergo contact inhi-
bition and stop dividing. At this stage (designated day 0), the induction cocktail is added
to the medium. We were able to recapitulate all three stages of this differentiation process
(Fig. 1A), including mitotic clonal expansion (day 0 to day 2), adipogenesis (day 2 to day 4),
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and lipogenesis (day 4 to day 10). UBE3D levels are high in undifferentiated cells during log-
phase growth (undifferentiated [UD]) but drop once the cells become confluent (day 0) and
decrease below detectable levels as the cells differentiate (Fig. 1B). We measured Ube3dmRNA
levels by reverse transcriptase quantitative PCR (RT-qPCR) and found a similar pattern, with tran-
script levels decreasing significantly once the cells reached confluence at day 0 (Fig. 1C).

UBE3D knockout in preadipocytes blocks adipogenesis. To assess whether the
high expression level of UBE3D in undifferentiated 3T3-L1 cells was important for maintaining
their ability to differentiate, we employed a CRISPR/Cas9-mediated gene knockout strategy
and isolated a Ube3d-KO clonal line. We confirmed the presence of a coding DNA sequence
(CDS)-disrupting indel at the single guide RNA (sgRNA) targeting site by Sanger sequencing
and verified that UBE3D protein levels are undetectable by Western blotting in Ube3d-KO
cells (Fig. 2A). After 7 days of induction, Ube3d-KO cells show greatly decreased production
of the adipocyte marker FABP4 compared to Ube3d-expressing cells (Fig. 2A) and are unable
to differentiate into fat-producing adipocytes, as seen by a lack of Oil Red O staining
(Fig. 2B). We quantified the mRNA expression of the differentiation markers peroxisome prolif-
erator-activated receptor gamma (PPARg), CCAAT/enhancer binding protein alpha (Cebpa),
fatty acid binding protein 4 (Fabp4), adipsin (also known as complement factor D [Cfd]), and
adiponectin (Adipoq) by RT-qPCR and found that Ube3d-KO cells are defective for expression
of these genes (Fig. 2C).

An important stage in differentiation of 3T3-L1 cells is the mitotic clonal expansion that
occurs during the first 48 h after treatment with induction medium (Fig. 1A, days 0 to 2)
(27). We used the nuclear proteins Ki-67 and phosphohistone H3 (pHH3) as canonical markers
of proliferation (28, 29) and found no significant difference in the proportion of Ki-67 or pHH3-
positive nuclei between Ube3d WT and KO cells at 24 h posttreatment (Fig. 2D). This result
indicates that the differentiation defect is not due to a proliferation block at this critical stage.
Overall, we find that UBE3D levels are downregulated during the course of adipocyte differen-
tiation but that Ube3d knockout impairs the ability of committed 3T3-L1 preadipocytes to
successfully mature.

Depletion of CPSF73 in UBE3D KO cells contributes to the adipogenesis defect.
To confirm that loss of UBE3D protein was responsible for the differentiation defect observed
in Ube3d-KO cells, we generated stable overexpression lines in both the WT or Ube3d-KO
background using a Sleeping Beauty transposon system (30, 31). Cells that successfully

FIG 1 Ube3d expression is dynamic during 3T3-L1 differentiation. (A) Oil Red O staining of 3T3-L1 cells
showing accumulation of fat droplets starting on day 4 of the differentiation protocol and increasing
dramatically on days 7 and 10. Representative images are shown. (B) UBE3D protein levels are high in
undifferentiated 3T3-L1 cells and decrease to undetectable levels during differentiation. FABP4 is shown
as a marker of adipocyte differentiation. (C) Ube3d mRNA levels decrease during differentiation. Relative
expression levels normalized to 18S rRNA levels are shown (n = 3; mean 6 SEM). ns, not significant (one-way
analysis of variance [ANOVA] with Dunnett’s multiple-comparison test).
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FIG 2 Ube3d knockout (KO) cells are unable to differentiate into mature adipocytes. (A) UBE3D levels
are undetectable in Ube3d-KO cells, and FABP4 levels are greatly decreased compared to UBE3D-expressing
cells (WT) after induction of differentiation for 7 days. Representative Western blotting is shown. (B) Ube3d-
KO cells do not accumulate fat droplets as evidenced by a lack of Oil Red O staining on day 10 of
differentiation. Representative high-power fields are shown. (C) mRNA levels of adipocyte differentiation
markers are significantly decreased in Ube3d-KO versus WT cells. Relative expression levels normalized to
18S rRNA levels are shown (n = 3; mean 6 SD). All values at day 7 were significantly different from WT
(P , 0.0001, two-way ANOVA with Šídák's multiple-comparison test). (D) Representative images of Ki-67 and
phosphohistone H3 (pHH3) staining and quantification of the percentage of positive nuclei in WT and
Ube3d-KO cells 24 h after treatment with induction medium. There were no significant differences between
WT and KO cells (two-way ANOVA with Šídák's multiple-comparison test; ns, P > 0.05).
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integrated a doxycycline-inducible Ube3d overexpression cassette or a control expressing
mCherry were isolated using puromycin. Induction of Ube3d overexpression was initiated by
treatment with doxycycline 4 days before the start of the differentiation protocol, and at day
0, the levels of the overexpressed proteins were detectable by Western blotting (Fig. 3A).
Withdrawal of doxycycline prior to differentiation allowed for a gradual reduction of UBE3D
protein similar to what is seen in WT cells (Fig. 3B). We found that overexpressing Ube3d in
this manner was able to robustly rescue differentiation of Ube3d-KO cells (Fig. 3C), indicating
that the observed defect is a direct result of UBE3D depletion. Interestingly, UBE3D overex-
pression also increased the number of fat-producing WT cells.

We have previously shown in other model systems that Ipa1/UBE3D helps regulate
CPSF73 protein levels (12, 13, 20). Here as well, we observed that CPSF73 levels are notably
decreased in Ube3d-KO 3T3-L1 cells (Fig. 3D and E). To assess whether the decline in total
levels of CPSF73 is contributing to the inability of Ube3d-KO 3T3-L1 cells to differentiate, we
generated CPSF73-overexpressing cells, also using the Sleeping Beauty transposon system.
Overexpression of CPSF73 also increased the number of fat-producing WT cells and restored
the adipogenic capacity of Ube3d-KO cells, though not as robustly as with Ube3d (Fig. 3C).
The reason for this poorer rescue is not clear, and it is possible that UBE3D may also modu-
late the levels of other proteins that contribute to efficient differentiation. Levels of the
mature adipocyte marker FABP4 are markedly decreased in the Ube3d-KO control cells on
day 7 but are rescued by overexpression of Ube3d and partially by CPSF73 (Fig. 3F). PPARg2
levels were partially rescued by Ube3d overexpression but not by CPSF73 overexpression
(Fig. 3F and G). By comparison, PPARg1, the isoform which is ubiquitously expressed (32), is
unchanged. Together, these results suggest that positive regulation of CPSF73 levels by
UBE3D promotes preadipocyte differentiation.

UBE3D knockout leads to downstream poly(A) site usage and readthrough tran-
scripts. Given the central role of CPSF73 as the endonuclease subunit of the cleavage and
polyadenylation complex and our previous findings that UBE3D regulated mRNA 39-end
processing in HEK293 and MDA-MB-231 cells (20), we hypothesized that Ube3d knockout
would lead to mRNA 39-end processing defects in 3T3-L1 preadipocytes. To explore changes
to mRNA processing in Ube3d-KO 3T3-L1 cells, we isolated RNA fromWT and Ube3d-KO cells
during log-phase growth and performed mRNA sequencing. We used APAlyzer to quantify
alternative poly(A) site usage in the 39 UTR of genes (33). APAlyzer is a bioinformatics pro-
gram that correlates changes in transcriptome sequencing (RNA-seq) read density with posi-
tions of annotated poly(A) sites and calculates a relative expression difference (RED) score
for each gene, where positive values indicate lengthening and negative values indicate
shortening. We found an overall predominant shift to downstream poly(A) site use (1,051
lengthened genes, mean RED score, 0.87; 143 shortened genes, mean RED score, 20.46),
consistent with an mRNA processing defect causing bypass of upstream poly(A) sites
(Fig. 4A and B). As an example, we plotted read coverage of a gene that shows a positive
RED score of 0.617 (Padj = 0.032), high-density lipoprotein binding protein (Hdlbp), and
observed a marked increase in read coverage downstream of a promoter-proximal poly(A)
site in the 39 UTR (Fig. 4C). To corroborate these findings, we quantified changes in proximal
poly(A) site use using PAQR, an alternative pipeline (34), and observed an overall shift to-
ward increased terminal exon length (Fig. 4D). The APA analyses support a conclusion that
Ube3d-KO causes changes in mRNA profiles in the 3T3-L1 cell line typical of a defect in 39
processing, as was seen in our previous examination of Ube3d in other cell lines (20).

It is well documented that a defect in cleavage caused by CPSF73 inactivation leads to
readthrough transcripts (21, 35, 36). We therefore looked for signs of a cleavage defect in
UBE3D KO cells by quantifying reads mapping to downstream of gene (DoG) regions, which
represent readthrough of the terminal poly(A) site and inappropriate transcription in inter-
genic regions, using DoGFinder (37). Althoughmost of these transcripts are likely to be unade-
nylated and rapidly degraded, the program was able to identify DoG regions with both
increased (333 total) and decreased (284) read counts in Ube3d-KO cells. We noticed that
changes in upstream gene expression explained some of the variation observed in the corre-
sponding DoG regions (Fig. 5A). Nevertheless, we noted that there were several genes that
showed a large increase in DoG read counts in Ube3d-KO (log2 fold change> 1) but very little
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FIG 3 Ube3d or CPSF73 complementation rescues differentiation in Ube3d-KO cells. (A) UBE3D and CPSF73 levels in undifferentiated WT and Ube3d-KO cells
overexpressing mCherry, UBE3D, and CPSF73. Cells were grown in log phase and treated with doxycycline to induce overexpression for 4 days before collection.
Representative blots are shown. (B) Withdrawal of doxycycline prior to the start of differentiation allows for a gradual decrease in overexpressed UBE3D protein
levels. Ube3d-KO cells with the doxycycline-inducible UBE3D cassette were treated with doxycycline for 4 days before the start of differentiation. On day 22, when
cells reach confluence, doxycycline was withdrawn, and the cells were differentiated. (C) UBE3D and CPSF73 overexpression rescues differentiation of Ube3d-KO cells.
Representative wells with Oil Red O staining on day 10 are shown. (D) CPSF73 levels are decreased in Ube3d-KO cells. Representative blots of UBE3D and CPSF73,
along with total protein staining as a loading control, are shown. (E) Quantification of CPSF73 levels from three independent experiments graphed as CPSF73 signal
normalized to tubulin. Mean 6 SEM; ***, P = 0.0004 (two-tailed t test) (F) Markers of adipocyte differentiation PPARg2 and FABP4 are decreased in Ube3d-KO control
cells overexpressing mCherry on day 7 of differentiation but restored by UBE3D overexpression. CPSF73 overexpression partially rescues FABP4 levels. The
ubiquitously expressed PPARg1 isoform is also detected by the antibody. Representative blots are shown. (G) Quantification of the PPARg2 signal from two replicates
is shown normalized to the WT.
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or no increase in gene expression (Fig. 5A, inset). We confirmed that these DoGs display a cov-
erage profile characteristic of poly(A) site readthrough, and representative examples of this
pattern are shown in the DoG regions for Rpl19 and Src (Fig. 5B).

GO term enrichment analysis of genes whose mRNAs were lengthened and shortened
revealed enrichment of a diverse set of ontology terms (Fig. 6A). “Metabolism of RNA” was
the highest-scoring term for lengthened genes, while the top categories for shortened genes
were “Regulation of actin filament depolymerization” and “Protein modification by small
protein conjugation or removal.” There was no clear indication based on ontology enrichment
that the alternative polyadenylation elicited by Ube3d KO contributes directly to the block
to differentiation. In some cell models and tissues, shortening of mRNAs is associated with an
increase in gene expression, while the reverse is observed upon lengthening (1). However, in
the Ube3d-KO cells, changes in poly(A) site use (APAlyzer RED score) were not correlated with
a corresponding change in gene expression (Fig. 6B), suggesting that multiple mechanisms
are in play to determine the final mRNA level.

UBE3D loss alters the 3T3-L1 adipocyte-committed state. Regarding gene expression
changes in the Ube3d-KO cells, we found 478 significantly upregulated genes and 419 signif-
icantly downregulated genes in Ube3d-KO cells compared to WT (Fig. 7A), with downregu-
lated genes showing an overall greater reduction in expression. GO term enrichment analy-
sis showed that downregulated genes were enriched for ontology terms related to lipid and
steroid biosynthesis, which are characteristic of adipocyte metabolic pathways (Fig. 7B).

FIG 4 RNA-seq shows that Ube3d-KO causes shifts to downstream poly(A) site use. (A) RNA sequencing of undifferentiated
WT and Ube3d-KO cells was analyzed using APAlyzer to quantify alternative polyadenylation in the 39 UTR (39UTR APA).
Relative expression difference (RED) scores are plotted for each gene, where a positive score indicates 39 lengthening, and a
negative score indicates shortening. Genes with significant changes (P , 0.05) are highlighted (positive RED scores, indicating
lengthening, in pink; negative RED scores, indicating shortening, in teal). (B) RED scores (shown as log2 fold changes)
calculated by APAlyzer for genes categorized as lengthened, shortened, or undergoing no significant change. (C) Coverage
plot for Hdlbp showing 39-UTR lengthening (RED = 0.617; Padj = 0.032). The upstream poly(A) site considered by APAlyzer is
shown with a dashed vertical line. Three biological replicates are overlaid to show areas with common coverage, with read
counts given on the y axis. (D) Volcano plot showing terminal exon length differences for each gene calculated by PAQR.
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FIG 5 Ube3d knockout leads to readthrough transcripts. (A) Relationship between change in gene expression and change
in DoG read counts. DoGs with significantly increased or decreased read counts (absolute value of log2 fold change > 0.5;
Padj , 0.05) are shown in orange and blue, respectively. A cluster of DoG-gene pairs with significantly increased DoG
levels in Ube3d-KO cells but little or no increase in gene expression are found in the region highlighted by the inset. (B)
Coverage plots for Rpl9 and Src DoG regions (black bars, bottom). For each DoG region, read counts are shown on a
logarithmic scale [ln(read counts 1 1)], and three biological replicates are overlaid to show regions with shared coverage.
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FIG 6 Analysis of ontology enrichment for genes with altered poly(A) site use and the relationship to changes in gene expression. (A) GO term enrichment of genes
whose mRNAs were lengthened or shortened in the Ube3d-KO cells. Gene sets were uploaded to Metascape and analyzed for enrichment using gene lists from
PaGenBase. Enriched gene lists with greater than 3 terms in the uploaded set, P values of ,0.01, and an enrichment factor of >1.5 were clustered based on
membership similarity and graphed according to P value. (B) Alternative polyadenylation (quantified by APAlyzer RED score) is not correlated with gene expression
changes. Log2-transformed difference in RED or gene expression between KO and WT cells are graphed on the x and y axis, respectively. Genes with RED P values
of ,0.05 are highlighted in blue.
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FIG 7 RNA-seq shows an altered gene expression profile and dysregulated gene signatures. (A) Volcano plot showing genes with increased expression (right quadrant,
magenta) and decreased expression (left quadrant, teal). (B) GO term enrichment of downregulated genes. (C) GO term enrichment for upregulated genes. In panels B

(Continued on next page)
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Upregulated genes were enriched for GO terms related to neurogenesis and axonogenesis
(Fig. 7C). The list of downregulated genes is enriched for genes annotated as specific to both
mouse embryonic fibroblasts and 3T3-L1 cells, and the upregulated gene set is enriched for
a brain-specific signature (Fig. 7D). These results suggest that Ube3d-KO cells are displaying a
dysregulated differentiation program where genes involved in adipocyte biology are downre-
gulated and neuronal-lineage genes are being inappropriately expressed.

3T3-L1 cells represent committed adipocyte precursor cells, and previous work has identi-
fied genes that define this lineage commitment (38). We analyzed the list of genes enriched in
adipogenic 3T3 cells reported by Gupta et al. (38) and found that many are also downregulated
in Ube3d-KO cells (Fig. 8A). Expression of the critical regulator of preadipocyte commitment
Zfp423 is also significantly decreased in Ube3d-KO cells, as well as expression of two genes with
documented roles during adipocyte differentiation (38, 39), Ebf2 and Cebpd (Fig. 6B). We con-
firmed that protein levels of several of these factors, including C/EBPd , HGFA, GPRIN3, LPL, and
EFEMP1, are also decreased in Ube3d-KO cells and that some of these (in particular, C/EBPd ,
HGFA, LPL, and EFEMP1) are rescued by Ube3d or CPSF73 overexpression (Fig. 8C). SLPI and
ZFP423 protein levels do not display a similar pattern despite having decreased mRNA expres-
sion in KO cells, indicating that additional regulatory mechanisms affecting translation and/or
protein stability and degradation may be involved. In conclusion, we find that loss of UBE3D
leads to decreased expression of markers known to indicate a committed preadipocyte state
and that protein levels of many of these markers are correlated with the ability of the cells to
differentiate into mature adipocytes.

FIG 7 Legend (Continued)
and C, enrichment maps were generated using the R packages clusterProfiler and enrichplot. Nodes represent enriched GO terms (colored by adjusted P value), and
edges represent the Jaccard similarity coefficient between two nodes. Representative terms are labeled from each cluster. (D) Enrichment for tissue- and cell-specific
gene lists in downregulated genes (top) and upregulated genes (bottom). Gene sets were uploaded to Metascape and analyzed for enrichment using gene lists from
PaGenBase. Enriched gene lists with greater than 3 terms in the uploaded set, a P value of ,0.01, and an enrichment factor of >1.5 were clustered based on
membership similarity and graphed according to P value.

FIG 8 Ube3d KO cells exhibit decreased markers of committed adipocyte precursors. (A) A subset of genes
shown by Gupta et al. (38) to be depleted in nonadipogenic 3T3 cells (reported fold change values in open
circles) are also downregulated in Ube3d-KO cells [gray bars; genes with log2(fold change) of less than 20.5
and adjusted P value of ,0.05 are marked with asterisks]. (B) Genes with known roles in the regulation of
adipogenesis also exhibit decreased expression. (C) Some genes showing decreased RNA levels show
decreased total protein levels in Ube3d-KO cells (C/EBPd , HGFA, EFEMP1, and LPL), which are restored upon
overexpression of UBE3D or CPSF73. Other genes do not show a similar change (ZFP423, SLPI, and GPRIN3).
Representative Western blots are shown.
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DISCUSSION

Advances over the last 2 decades have uncovered a variety of mechanisms govern-
ing the differentiation of adipogenic precursors into mature adipocytes (39, 40). Recent
attention has been directed toward defining gene expression signatures for progenitor
cell subtypes (41), but mRNA 39-end processing has not been carefully examined as a
possible regulatory mechanism. In this work, we show that UBE3D is necessary for the ability
of 3T3-L1 cells to differentiate into mature adipocytes. We demonstrate that protein levels of
its putative binding partner (42, 43), the highly conserved RNA endonuclease CPSF73, are
significantly decreased in Ube3d-KO cells and that overexpression of CPSF73 can rescue the
differentiation defect. Consistent with the loss of CPSF73, UBE3D depletion in 3T3-L1 cells
leads to an overall shift to use of downstream poly(A) sites and increased readthrough tran-
scription into intergenic regions. These effects are in agreement with our study of mutation
of IPA1, the yeast UBE3D homolog, and of others on loss or inactivation of CPSF3 in mam-
malian cells (20, 21, 36). UBE3D depletion also caused gene expression changes indicating a
shift away from the preadipogenic state. These data support a model where UBE3D is needed
to maintain proper mRNA 39-end processing capacity, which, in turn, is necessary for mainte-
nance of committed adipocyte precursors.

Alternative polyadenylation (APA) has an increasingly appreciated role in regulating
stem cell proliferation and commitment in other cellular contexts (6). Generally, highly prolif-
erative stem cells tend to favor promoter-proximal poly(A) sites leading to shorter 39 UTRs,
while differentiation has been shown to lead to 39 UTR lengthening in models of embryonic
development, myogenesis, and neurogenesis. We find that the impairment in adipogenic
differentiation and inappropriate expression of neuron-specific genes in Ube3d knockout
cells is accompanied by an overall shift to use of downstream poly(A) sites. Loss of CPSF73
function has also previously been reported to induce readthrough transcription into inter-
genic regions (21, 36), and we see this effect in Ube3d-KO cells as well.

The shift to downstream poly(A) sites and the decrease in expression of many genes that
we observe with UBE3D loss could be directly due to depletion of CPSF73. The decrease in
processing capacity could disfavor upstream poly(A) sites that are thought to generally have
weaker poly(A) signals (44). Lengthening of the gene's 39 UTR may alter the stability or trans-
lation of mRNAs of pro- and antiadipogenic genes and thus affect the commitment of 3T3-
L1 preadipocytes. Increased expression of downstream UTR sequences could also act as a
sink for microRNAs (miRNAs), as has been shown in cancer models (45–47), leading to
increased expression of antiadipogenic genes in competing endogenous RNA (ceRNA) net-
works regulated by specific miRNAs. The complex network of interactions between changes
in poly(A) site use and trans-acting factors such as microRNAs and RNA binding proteins
makes interpreting alternative polyadenylation shifts and predicting their effects on the tran-
scriptome difficult (4). In our study, we do not find a correlation between APA changes and
differences in gene expression between WT and Ube3d-KO cells (Fig. 6B), underscoring that
cleavage and polyadenylation are just one of a wide array of regulatory mechanisms which
affect mRNA steady-state levels. An alternative hypothesis for the effects of UBE3D on prea-
dipocyte commitment is that the processing of the major poly(A) sites of critical genes may
be uniquely susceptible to CPSF73 depletion, leading to insufficient steady-state levels of
these mRNAs. Further studies will be needed to address these possibilities.

The importance of mRNA 39-end processing for proper gene expression has contributed
to interest in its use as a druggable process for various pathologies (35, 48), but the potential
for negative consequences on critical physiological processes such as differentiation may
prove to be a hurdle in developing small molecule inhibitors with minimal off-target effects
in vivo. On the other hand, drugs which stimulate differentiation or regeneration of specific
precursor cell populations by modifying APA profiles may be helpful (6). The proliferative ac-
tivity of adipocyte precursor cells is critical for maintenance of adipose tissue plasticity, the
loss of which has been associated with the functional decline in adipose tissue seen in obesity
and aging (41). Further exploration of the role of 39-end processing across different stages of
adipogenesis is necessary to improve our understanding of how cells regulate gene expres-
sion during lineage commitment and differentiation.
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MATERIALS ANDMETHODS
Cell culture. 3T3-L1 cells (ATCC CL-173) were cultured in Dulbecco’s modified Eagle medium (DMEM;

high glucose; 4.5 g/L) supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 U/mL penicillin,
100 mg/mL streptomycin). All cells were grown at 37°C with 5% CO2. Cells were subcultured every 2 to 3 days
according to ATCC guidelines and never allowed to reach more than 80% confluence.

For differentiation experiments, 3T3-L1 cells were plated at a density of 1.0 � 104 cells/cm2 and allowed to
reach 100% confluence (day22). The cells were maintained for an additional 2 days to allow for contact inhibi-
tion. On day 0, the cells were treated with freshly prepared methylisobutylxanthine, dexamethasone, and insu-
lin (MDI) induction medium, which consisted of growth medium containing 0.5 mM 3-isobutyl-1-methylxan-
thine, 1 mM dexamethasone, 5 mg/mL insulin, and 1 mM rosiglitazone. On day 2, the MDI induction medium
was replaced with insulin medium (growth medium containing 5 mg/mL insulin). On day 4, insulin medium
was replaced with fresh medium (without additives).

Staining and immunofluorescence. For Oil Red O staining, cells were washed briefly with phos-
phate-buffered saline (PBS) and then fixed with 4% formaldehyde in PBS for 1 h at room temperature. After fix-
ing, the cells were washed once with PBS, then with 60% isopropanol, and then dried. A 0.5% (wt/vol) stock so-
lution of Oil Red O (Sigma; catalog no. O0625) in isopropanol was prepared by stirring overnight and then
underwent filtration through a 0.2-mm filter. Fresh working solution was prepared by diluting 6 parts of stock
solution with 4 parts distilled water, incubating the solution for 20 min at room temperature, followed by an
additional filtration. After incubation in working solution for 1 to 2 h, cells were washed extensively with fil-
tered water, dried, and photographed.

For immunofluorescence staining, cells were plated on glass slides with removable plastic wells and cultured
as described above, for three biological replicates. After 24 h, cells were washed with PBS, fixed in 10% formalin
for 15 min at room temperature, and incubated in ice-cold methanol for 10 min. After three washes with PBS,
slides were incubated in normal donkey block (NDB; 10% normal donkey serum [vol/vol], 5% nonfat powdered
milk [wt/vol], 4% bovine serum albumin [wt/vol], and 0.1% Triton X-100 [vol/vol] in PBS) for 15 min at room tem-
perature. Slides were incubated for 45 min in NDB containing primary antibodies diluted 1:200. The antibodies
used were mouse anti-Ki-67, clone B56 (BD Pharmingen; catalog no. 556003), and anti-histone H3 (phospho S10)
antibody (Abcam, ab47297). Slides were washed with PBS and then incubated in species-specific fluorophore-
conjugated secondary antibodies diluted 1:250 in NDB for 45 min. After additional washes with PBS, cells were
incubated in 1� DAPI (49,6-diamidino-2-phenylindole) in PBS for 10 min and cover-slipped in NPG (0.5% N-propyl
gallate in 90% glycerol) mounting media. Cells were imaged on a Zeiss LSM800 confocal microscope. The percen-
tages of Ki-67—or pHH3—positive cells were quantified using CellProfiler.

CRISPR/Cas9 knockout. Ube3d knockout in 3T3-L1 cells was performed using CRISPR/Cas9 accord-
ing to the protocol by Ran et al. (49). Guide RNA sequences targeting mouse Ube3d (see Table S1 in
the supplemental material) were designed using CHOPCHOP software (http://chopchop.cbu.uib.no/)
and cloned into pSpCas9(BB)-2A-GFP, which was a gift from Feng Zhang (Addgene plasmid number 48138;
http://n2t.net/addgene:48138; RRID Addgene_48138). After transfection, GFP-positive cells were flow-sorted
and isolated into single-cell clones and then expanded and screened for successful disruption of the Ube3d
gene using Sanger sequencing of genomic DNA, as well as Western blotting, to confirm the absence of
UBE3D protein. Use of sgRNA mUBE3D Exon5_sgRNA yielded a CDS-disrupting indel in exon 5, in which the
sequence AGTCATTTGTAAGCGTTGCAAGGTAACGTTGGGAGAGAC was altered to AGTCATTTGTAAGCGTTGCA
AGGT-ACGTTGGGAGAGAC.

Plasmids, transfection, and overexpression. pSBtet-GP was a gift from Eric Kowarz (Addgene plas-
mid number 60495; http://n2t.net/addgene:60495; RRID Addgene_60495). Mouse Ube3d (GenBank accession
no. NM_027394) or human CPSF73 (GenBank accession no. NM_016207) were subcloned into pSBtet-GP fol-
lowing the strategy described by Kowarz et al. (30) to produce pSBtet-Ube3d and pSBtet-CPSF73, respectively.
mCherry was subcloned from pLV[Exp]-Puro-EF1A>mCherry (vector ID VB900084-0158zxv; VectorBuilder;
Chicago, IL) into pSBtet-GP to produce pSBtet-mCherry, which served as a control in overexpression experi-
ments. pCMV(CAT)T7-SB100 was used as a helper vector to supply the Sleeping Beauty transposase. pCMV
(CAT)T7-SB100 was a gift from Zsuzsanna Izsvak (Addgene plasmid number 34879; http://n2t.net/addgene:
34879; RRID Addgene_34879). Each pSBtet plasmid was mixed 9:1 with helper plasmid in Opti-MEM (Gibco; cata-
log no. 31985062). Transfection was performed using Lipofectamine 3000 (Invitrogen; catalog no. L3000001)
according to the manufacturer’s instructions.

Two days after transfection, selection for cells that had successfully integrated the Sleeping Beauty cassette
was performed using puromycin (2 mg/mL in growth medium, replaced every other day for at least 6 days).
Successful selection was confirmed by monitoring the percentage of green fluorescent protein (GFP)-positive
cells. To induce overexpression, cells were cultured in fresh growth media with 1.5 mg/mL doxycycline for 4
days before the start of the differentiation protocol described above.

RT-qPCR. The extraction and purification of total RNA were performed using Ambion TRIzol reagent
(Invitrogen; catalog no. 15596018) according to the manufacturer’s protocol. RNA concentration and quality were
determined using a NanoDrop 2000 spectrophotometer before downstream processing. Reverse transcription of
isolated RNA was performed using SuperScript IV reverse transcriptase (Thermo Fisher Scientific; catalog no.
18090010) according to the manufacturer’s instructions. qPCR was performed on a CFX96 Touch real-time PCR
detection system in 96-well plates with the primers listed in Table 1. cDNA was added to SsoAdvanced Universal
SYBR green supermix (Bio-Rad; catalog no. 1725274) in a total reaction volume of 10 mL, and qPCR was carried
out according to the manufacturer’s instructions. Target gene expression was normalized to that of mouse 18S
rRNA. Comparative threshold cycle (DDCT) methods were used for the quantification of qPCR results.

Western blotting. Cells were lysed with radioimmunoprecipitation assay (RIPA) buffer (150 mM sodium
chloride, 50 mM Tris-HCl, pH 7.4, 1% Nonidet P-40, 0.1% SDS, 5 mM EDTA, and 0.1% sodium deoxycholate)
supplemented with Halt protease inhibitor cocktail (Thermo Fisher Scientific; catalog no. 87786) and phosphatase
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inhibitors (1 mM dithiothreitol [DTT], 10 mM sodium fluoride, 200 mM sodium orthovanadate, 1 mM sodium
pyrophosphate, and 10 mM b-glycerophosphate). The lysate was collected into a microcentrifuge tube, ho-
mogenized by brief vortexing, and cleared by centrifugation at 14,000� g for 15 min at 4°C. Protein concentra-
tion was determined using the Pierce Rapid Gold bicinchoninic acid (BCA) protein assay kit (Thermo Scientific;
catalog no. A53225). We added 6� SDS sample buffer (0.375 M Tris, pH 6.8, 0.12 g/mL SDS, 60% [vol/vol] glyc-
erol, 2% [vol/vol] b-mercaptoethanol, and 0.6 mg/mL bromophenol blue), and the samples were subsequently
heated to 95°C for 10 min.

Protein was resolved on a 10% Bis-Tris gel [0.33 M bis(2-hydroxyethyl)amino-tris(hydroxymethyl)methane,
10% acrylamide–bis-acrylamide] using MOPS running buffer (50 mM 3-morpholinopropane-1-sulfonic acid,
50 mM Tris base, 0.1% SDS, and 1 mM EDTA) and transferred to polyvinylidene difluoride (PVDF) membranes
using the Trans-Blot Turbo transfer system (Bio-Rad, Hercules, CA). Total protein was assayed using the Revert
total protein stain (LI-COR; catalog no. 926-11021) and imaged with the LI-COR Odyssey DLx imaging system.
Blocking was performed using either 5% milk in Tris-buffered saline with Tween 20 (TBST) for 1 h, 5% bovine
serum albumin (BSA) in TBST for 1 h, or EveryBlot blocking buffer (Bio-Rad; catalog no. 12010020) for 5 min, fol-
lowed by incubation in primary antibody overnight at 4°C. Refer to Table S1 for a list of antibodies used. After
3 washes in TBST, membranes were incubated in species-specific horseradish peroxidase (HRP)-coupled sec-
ondary antibodies for 1 h at room temperature, washed, and incubated in SuperSignal West Pico Plus (Thermo
Scientific; catalog no. 3457) for 5 min before imaging.

RNA sequencing. RNA from log-phase cells was collected using the Quick-RNA miniprep kit (Zymo
Research). Sample quality control (QC), library preparation, and sequencing were performed by the
UCLA Technology Center for Genomics & Bioinformatics (Los Angeles, CA). All samples had a RINe of
>9.6 (RNA ScreenTape analysis; Agilent). Library preparation was performed using a Kapa stranded RNA-
seq kit with rRNA depletion and sequenced using a 2 � 150-bp paired-end protocol to up to 80 million
reads per sample on an Illumina NovaSeq 6000.

Reads were aligned to theMus musculus genome (mm10, GRCm38) using STAR (v2.6.1d) (50) and quantified
using featureCounts (v1.6.3) (51). Differential gene expression analysis was performed in R: we used tidybulk
(v1.2.1) as a framework for data exploration and analysis and employed DEseq2 (v1.30.1) (52) as the back-end
algorithm for computing fold change values and associated statistics. Ontology enrichment analysis was per-
formed using clusterProfiler (v3.16.1) (53) and Metascape (54). Enrichment maps were generated using enrichplot
(v1.10.2). We performed APA analysis using APAlyzer (v1.5.5) (33), as well as with PAQR (34). DoG regions were

TABLE 1 Oligonucleotide and antibody resources used in this study

Resource ID or catalog no. Additional information (sequence or concn used)
sgRNA for Ube3d KO mUBE3D Exon2_sgRNA CGAGATCCGACTTCCAGCAGGGG

mUBE3D Exon5_sgRNA TAAGCGTTGCAAGGTAACGTTGG
Primers for genotype sequencing mUBE3D-Exon 2-F GCAAGCCCTGCCTGATCTAA

mUBE3D-Exon 5-F TCAGCAATGCTAGGATTGCCA
18S qPCR primers 18S_F ACCGCAGCTAGGAATAATGGA

18S_R GCCTCAGTTCCGAAAACCA
Ube3d qPCR primers mUBE3D_F GCAGAGTGCGCTGCTAATC

mUBE3D_R CTGGAAGTCGGATCTCGGT
Pparg qPCR primers PPARg_F CTCCAAGAATACCAAAGTGCGA

PPARg_R GCCTGATGCTTTATCCCCACA
Cebpa primers C/EBPa_F TTGTTTGGCTTTATCTCGGC

C/EBPa_R CCAAGAAGTCGGTGGACAAG
Fabp4 primers FABP4_F AAGGTGAAGAGCATCATAACCCT

FABP4_R TCACGCCTTTCATAACACATTCC
Cfd (adipsin) primers Adipsin_F CATGCTCGGCCCTACATGG

Adipsin_R CACAGAGTCGTCATCCGTCAC
Adipoq (adiponectin) primers Adiponectin_F TGTTCCTCTTAATCCTGCCCA

Adiponectin_R CCAACCTGCACAAGTTCCCTT
Alpha-tubulin monoclonal antibody (YOL1/34) MA1-80189 (PaGenBase) 1:3,000
Anti-A-FABP antibody (B-4) sc-271529 (Santa Cruz) 1:150
Anti-C/EBP a antibody (D-5) sc-365318 (Santa Cruz) 1:100
Anti-C/EBP d antibody (D-1) sc-515028 (Santa Cruz) 1:100
Anti-CPSF3 antibody (C-3) sc-393001 (Santa Cruz) 1:1,000
Anti-fibulin-3 antibody (mab3-5) sc-33722 (Santa Cruz) 1:100
Anti-HGFa antibody (H-10) sc-374422 (Santa Cruz) 1:100
Anti-LPL antibody (F-1) sc-373759 (Santa Cruz) 1:100
Anti-OAZ (E-6) mouse MAba sc-393904 (Santa Cruz) 1:150
Anti-PPARg antibody (E-8) sc-7273 (Santa Cruz) 1:500
Anti-SLPI antibody (A-11) sc-374575 (Santa Cruz) 1:100
GPRIN3-specific polyclonal antibody 20212-1-AP (Proteintech) 1:500
Human/mouse EBF-2 antibody AF7006 (R&D Systems) 1:500
UBE3D polyclonal antibody PAB21883 (Abnova) 1:250
aMAb, monoclonal antibody.
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defined using DoGFinder (1.0.1) (37). To determine changes in read counts in DoG regions between WT and KO
conditions, we quantified reads mapping to each DoG using featureCounts and then calculated fold changes
using DESeq2 with log2 fold change shrinkage using ashr (55).

Quantification and statistical analysis. Data are presented as mean 6 standard error of the mean
(SEM) unless otherwise noted. All quantitative experiments were performed in biological triplicate. Quantification
of Revert total protein stain signal was performed in ImageStudio Lite (v5.2.5, LI-COR). Statistical analysis
and graphing were performed using GraphPad Prism Software version 9.3.1 for Mac (GraphPad Software,
San Diego, California, USA; https://www.graphpad.com/).

Data availability. RNA sequencing data from this study are available in the Gene Expression Omnibus
(GEO) database under accession number GSE202310.
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