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SUMMARY

TP53 mutations underlie Barrett’s esophagus progression to
dysplasia and cancer. Loss of UBCH5C but maintained
UBCH5A expression cooperates with RNF128 Isoform 1 to
protect mutant p53. Thus, targeting RNF128 Isoform 1
UBCH5A to destabilize mutant p53 may provide a thera-
peutic advantage.

BACKGROUND & AIMS: TP53 mutations underlie Barrett’s
esophagus (BE) progression to dysplasia and cancer. During BE
progression, the ubiquitin ligase (E3) RNF128/GRAIL switches
expression from isoform 2 (Iso2) to Iso1, stabilizing mutant
p53. However, the ubiquitin-conjugating enzyme (E2) that
partners with Iso1 to stabilize mutant p53 is unknown.

METHODS: Single-cell RNA sequencing of paired normal esoph-
agus and BE tissues identified candidate E2s, further investigated
in expression data from BE to esophageal adenocarcinoma (EAC)
progression samples. Biochemical and cellular studies helped
clarify the role of RNF128-E2 on mutant p53 stability.
RESULTS: The UBE2D family member 2D3 (UBCH5C) is the
most abundant E2 in normal esophagus. However, during BE to
EAC progression, loss of UBE2D3 copy number and reduced
expression of RNF128 Iso2 were noted, 2 known p53 degraders.
In contrast, expression of UBE2D1 (UBCH5A) and RNF128 Iso1
in dysplastic BE and EAC forms an inactive E2–E3 complex,
stabilizing mutant p53. To destabilize mutant p53, we targeted
RNF128 Iso1 either by mutating asparagine (N48, 59, and 101)
residues to block glycosylation to facilitate b-TrCP1–mediated
degradation or by mutating proline (P54 and 105) residues to
restore p53 polyubiquitinating ability. In addition, either loss of
UBCH5A catalytic activity, or disruption of the Iso1-UBCH5A
interaction promoted Iso1 loss. Consequently, overexpression of
either catalytically dead or Iso1-binding–deficient UBCH5A mu-
tants destabilized Iso1 to degrade mutant p53, thus compro-
mising the clonogenic survival of mutant p53-dependent BE cells.

CONCLUSIONS: Loss of RNF128 Iso2–UBCH5C and persistence
of the Iso1–UBCH5A complex favors mutant p53 stability to
promote BE cell survival. Therefore, targeting of Iso1-UBCH5A
may provide a novel therapeutic strategy to prevent BE pro-
gression. (Cell Mol Gastroenterol Hepatol 2022;13:129–149;
https://doi.org/10.1016/j.jcmgh.2021.08.003)
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sophageal adenocarcinoma (EAC) is one of the most
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Erapidly increasing cancers with frequent mutations
in the tumor-suppressor gene TP53.1 We and others have
shown that TP53 mutations are highly prevalent (60%–
70%) in Barrett’s esophagus (BE) with high-grade dysplasia
(HGD), the strongest risk factor and potential precursor to
EAC.2–5 TP53 mutations typically result in abnormally high
nuclear p53 levels and BE cells become dependent on
mutant p53 because its knock-down results in cell death.2

Strategies aimed at targeting p53 may selectively remove
precursor cells before the development of EAC. However,
this kind of cell-type–specific targeting has proven elusive
for p53. There are many reported ubiquitin ligases that can
degrade p53,6,7 including RNF128 (GRAIL),8,9 which is an
E3-ubiquitin ligase that causes T-cell anergy.10 We showed
that RNF128 is a critical regulator of p53 protein stability in
BE through differential expression of isoform 1 (Iso1) and
Iso2, which have mutually exclusive first exons.2 In tissues
representing the progression from nondysplastic BE (NDBE)
to EAC, we observed a significant reduction in Iso2, which
efficiently degrades both wild-type and mutant p53, and an
increase in Iso1 that stabilizes both forms of p53.2 The
ability of RNF128 Iso2 to regulate p53 occurs via Skp1-Cul1-
F-box protein complex (SCFb-TrCP1)–mediated proteasomal
degradation, whereas Iso1, stabilized by hyperglycosylation,
acts to stabilize p53.2

The formation of homodimers or heterodimers of the
2 RNF128 isoforms also influences the ability of RNF128 to
ubiquitinate and degrade p53 in BE cells.2 RNF128 isoforms
are subject to differential regulation by glycosylation11 that
might be targeted by statins, which are known to inhibit the
N-linked glycosylation of specific proteins.12 In this regard,
statin use is associated with a marked reduction in EAC
incidence in patients with BE. Furthermore, we found that
simvastatin treatment reduced colony formation of mutant
p53 containing dysplastic BE cells and reduced Iso1 levels.2

These results suggest that Iso1 and Iso2 may interact dif-
ferentially with specific proteins critical for their respective
E3-ubiquitin ligase activities. Understanding individual E3
substrate interactions requires identifying the specific ubiq-
uitin conjugating (E2) enzyme(s) involved in the ubiquitin
transfer. Clues to the potential identity of p53 critical E2s
can be found in studies into the mechanism of cadmium
poisoning, which can induce nuclear accumulation of p53 in
a dose-dependent manner.13 Several studies have suggested
that cadmium-induced changes to p53 are the result of
altered p53 degradation via tissue-specific changes in
members of the UBCH5 family of E2 ubiquitin-conjugating
enzymes.14,15 The 4 members, UBCH5A–D, are highly ho-
mologous (88%–92%) 147AA proteins produced from 4
discrete genes UBE2D1–4 that are highly conserved among
mammals. Here, we analyze RNA sequencing (RNAseq) data
from BE tissues and show UBE2D3 is a highly expressed E2
in BE and use single-cell RNAseq to show that UBE2D3 and
RNF128 messenger RNAs (mRNAs) are co-expressed in
NDBE cells. Herein, we examine the interaction of key
UBCH5 proteins with RNF128, define the structural regions
critical for catalytic activity, as well as their influence on
wild-type and mutant p53 ubiquitination and stability in BE
cells. Our results suggest that targeting UBCH5A catalytic
activity may be a novel mechanism to cause RNF128 Iso1
degradation to impact the survival of the mutant p53-driven
BE cells.
Results
Using RNAseq Data to Rank Human E2s in BE as
Potential RNF128 Partners

Identifying the correct E3–E2 partnering is critical for
understanding the biological context of specific ubiquitina-
tion events. Because RNF128 isoform switching resulted in
inefficient mutant p53 polyubiquitination, promoting its
stabilization, we sought to identify potential E2 changes that
co-occur with RNF128 isoform shifts during BE progression.
We first characterized mRNA expression for all known hu-
man E2 genes16–19 in our previously published RNAseq
expression data from a 65-sample BE and EAC tissue
cohort.2 Of the 40 E2 genes, 3 (UBE2D3, UBE2E1, and UBE2I)
showed good expression levels in BE (>95%; n ¼ 52 of 54)
samples with more than 32 Reads Per Kilobase of transcript
per Million mapped reads (RPKM) expression (>5 log2
RPKM units), with UBE2D3 having consistently higher
expression across all BE/EAC sample groups (mean, 141
RPKM vs 65 for next highest UBE2E1) (Supplementary
Table 1). Although a number of E2 enzymes show varied
expression patterns, several showed positive (UBE2D3,
UBE2J1, and UBE2A) or negative (UBE2E1, UBE2I, UBE2D1,
UBE2Q1, UBE2Q2, and UBE2W) correlations to RNF128 Iso2
(Pearson correlation, �0.4), but none to RNF128 Iso1. These
data suggest that changes in E2 levels may associate with BE
progression, along with our previously reported isoform
changes to RNF128.2 In addition, yeast 2-hybrid experi-
ments place UBE2D3 and UBE2E1, as well as UBE2D1,
among the top 10 most versatile E2 enzymes in terms of E3
binding partners.16,19 Given the dependence on protein
members of the UBE2D family for cadmium-induced nuclear
accumulation of p53, and in particular UBCH5C from
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UBE2D3 and UBCH5A from UBE2D1, which appear to have
opposing roles in liver cells,15 we chose to further investi-
gate UBE2D1/UBCH5A along with those with the strongest
expression (UBE2D3, UBE2E1, and UBE2I).
Co-expression of UBE2D3 and RNF128 mRNA in
BE Cells

Having established UBE2D1, UBE2D3, UBE2E1, and
UBE2I as candidate E2s for RNF128 in BE tissue tran-
scriptomes, we examined the cell-type–specific expression
of each relative to RNF128. Because BE and normal squa-
mous esophagus (SE) tissues each contain a mixture of cell
types, including potential islands of squamous mucosa
amidst BE glandular structures, we used single-cell RNAseq
to characterize the heterogenous cell types observed in
NDBE with matched normal SE biopsy specimens. During
the patient’s upper endoscopy procedure, we obtained fresh
biopsy specimens of approximately 3 mm3 of SE and BE
tissues (Figure 1A–D) from 2 patients diagnosed with NDBE.
Clustering analysis showed 14 distinct transcriptomic clus-
ters in SE (n ¼ 2) and BE biopsy specimens (n ¼ 2)
(Figure 1E). Top cluster-specific gene (n ¼ 5; P > .001)
expression patterns were used to characterize cell types in
each cluster (Figure 1F–I, Supplementary Table 2). Using
known tissue characterized gene marker signatures, we
identified epithelial (CDH1þ) vs lamina propria clusters
(VIMþ). RNF128 was highly expressed in the BE-epi-
thelial–specific cluster (C0) (Figure 1J) compared with
squamous (C1, C2, C3, C4, C5, C7, and C8) or lamina propria
(C6, C9, C10, C11, C12, and C13) clusters, while expression
of the 4 E2 enzymes was distributed across most groups.
For a more detailed assessment we extracted and reclus-
tered the BE-specific cluster alone (C0) and observed
2 distinct subcluster types expressing either SE-specific
(KRT4 and KRT15) or BE-specific (EPCAM and TFF3)
markers (Figure 1J–L). Dot-plot analysis combining levels of
expression and the number of cells expressing key genes
again showed more general expression for each of the E2s,
while RNF128 expression was present in 40%–60% of the
BE cell types compared with less than 20% in SE-specific
clusters (Figure 1L).

Given our focus on RNF128 as an E3 for p53 in BE cells,
we independently clustered BE cell data (n ¼ 2; final cell
count, 4293) (Figure 2A), identifying 11 molecular clusters
(with the top 200 genes for each outlined in Supplementary
Table 3). We used known markers for stratified esophageal
cells (TP63),20,21 glandular BE cells (EPCAM), goblet cells
(MUC2, MUC5AC, TFF1, TFF2, and TFF3), and immune cell
groups (CD247, CD3D, and CD3E). Within the overlapping
but distinct columnar-epithelial clusters (C1, C3, C5, and C9)
(Figure 2A–E) we could subclassify populations as either
intestinal-like (MUC2, TFF3) or cardia-like (MUC5AC; TFF1,
and TFF2) (Figure 2D and E) as reported previously.22 Using
cell distribution plots (Figure 2F), we observed that sample
1BE was enriched with cardia-like BE cells (cluster 1: Pa-
tient 1: BE, 40.91% vs Patient 2: BE, 5.00%), while both BE
samples (1:BE and 2:BE) had similar distributions of
intestinal-like cells (clusters 3, 5, and 9: with 7.24:15.20,
6.71:6.10, and 2.08:2.90% in BE from Patient 1 vs BE from
Patient 2, respectively). BE tissue can be enriched for either
gastric or intestinal-type mucins.23–25 Thus, in cluster ana-
lyses that included both BE and SE tissues, RNF128 mRNA
showed strong expression in columnar cardia cell groups,
relative to other cell clusters, with particularly stark con-
trasts against those of squamous origin (Figures 1E and 2G
and H). RNF128 expression co-localized with both MUC2-
and MUC5AC-enriched components of cluster C0
(Figure 2F). A comparison of key E2 mRNA transcripts
showed that, of these, UBE2D3 co-localizes with both
columnar cell groups and RNF128 expression, whereas
other E2 genes (including UBE2D1) show broader cell
cluster expression (Figures 1I–L and 2G and H). These data
show that RNF128 expression is specific to columnar
epithelium, regardless of whether the BE cells have intes-
tinal or cardia-like phenotypes, and that each of the 4 E2
mRNAs investigated co-localizes with RNF128 expression,
offering the potential for interaction within BE cells.
Changes in UBE2D Family Members During BE
Progression

UBE2D family member involvement with p53 stability
appears somewhat tissue-specific, with changes in UBE2D3
and UBE2D1 showing opposite effects on p53 levels upon
cadmium exposure in several model systems.15 An inde-
pendent study reported that UBCH5B and UBCH5C degrade
p53 relative to UBCH5A.26 In addition, high UBCH5C ex-
pression is associated with a favorable prognosis, whereas
high UBCH5A appears a poor prognostic factor for esopha-
geal and lung cancers, respectively.27,28 We next investigated
the potential for BE progression-related changes in E2 mRNA
levels.

We extracted normalized expression data for UBE2D1,
UBE2D3, UBE2E1, and UBE2I from our previously published
BE-EAC cohort analyzed using RNAseq,2 and then applied
analysis of variance (ANOVA) to compare expression levels
of BE tissues containing HGD (n ¼ 28), or EAC (n ¼ 11),
with the combined subset of NDBE only (n ¼ 6) plus those
containing low-grade dysplasia (LGD) with no histologic
evidence of HGD (n ¼ 20). These data show that UBE2D1
expression is higher in HGD (P ¼ .0056) and EAC (ANOVA
P ¼ .0006), relative to NDBE and LGD, while UBE2D3 shows
nominal group-wise expression differences in the opposite
direction (P ¼ .015 and .011 for HGD and EAC groups,
respectively) (Figure 3Ai and Bi). UBE2E1 showed increased
expression in HGD (P ¼ .001) and EAC (P ¼ .0022), while
UBE2I showed a slight increase in EAC (P ¼ .013) but not
HGD (P ¼ .27), relative to NDBE and LGD tissues (Figure 3Ci
and Di). In addition, we provide nominal evidence of UBE2D3
mRNA reduction in LGD vs EAC/HGD paired t test analysis
(Figure 3Bii) (n ¼ 8; P ¼ .013), whereas UBE2D1 and UBE2I
gene expression correlate somewhat with RNF128 Iso2
mRNA levels (Figure 3Aiv and Div). Normalized Gene
Expression Ombudsman data from 2 other genome-wide
expression studies29,30 that used histopathology-driven



Figure 1. Single-cell RNAseq analysis of patient-matched tissue biopsy specimens to examine co-expression patterns
for RNF128 and key E2 gene mRNAs across esophageal cell type clusters. (A) Schematic (assistance from BioRender.
com) of human sample biopsy specimens of matched normal SE and BE, with (B) tissue size details, (C) representative
inverted microscope images, and (D) representative sections of frozen biopsy specimens from matched patient biopsy
specimens of BE and SE. (E) A total of 13,332 cells were analyzed using UMAP cluster plots from SE (n ¼ 2) and BE (n ¼ 2)
biopsy specimens. A total of 14 distinct molecular clusters were identified, with the top 200 genes per cluster listed in
Supplementary Table 2. Using the top gene expression signatures composed of 5–10 characteristic genes expressed in each
cluster, we define the cell type identity for each cluster. (F–H) Representative expression of known established markers in the
literature for epithelial (CDH1) vs lamina propria (VIM) clusters, TP63 identifies the cell types specific to SE epithelium, and
EPCAM and TFF3 are validated markers to identify metaplastic BE cells (cells with zero expression are shown in gray). We
observed that cluster 0 is enriched for BE-specific cells vs clusters 1, 2, 3, 4, 5, 7, and 8, which represent SE-specific cell
types. (I) RNF128 expression is higher in BE-specific clusters when compared with SE or lamina propria clusters. (J) Extraction
and remapping (UMAP) of BE (cluster 0) cell types. (K) Cluster 0 vs cluster 1 identifies SE vs BE cell types. (L) Louvain analysis
showing expression levels (color) vs percentage of cells expressing the gene (size of circle) shows that RNF128 is expressed
specifically in the BE cluster (cluster 0; with expression of BE markers EPCAM, TFF1, TFF2, and TFF3 vs SE cluster 1;
expressing stratification markers KRT4 and KRT15). We observed that E2 family member UBE2D3 is highly expressed vs
UBE2D1, which has low expression in BE cluster 0.
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Figure 2. Single-cell RNA sequencing of nondysplastic BE to characterize cell types and expression patterns. (A) Patient
biopsy specimens (n ¼ 2) characterized at the single-cell level. A total of 7684 cells were analyzed for a final cell count of cell
expression of 4293 for UMAP analysis. Clustering analysis showed 12 predictive distinct molecular cell clusters within the BE
biopsy specimens. Cell-type classification clusters are characterized using known genes, and genes per cluster can be found
in Supplementary Table 3. (B) Using known markers for lamina propria vs epithelial cells, we classified clusters based on
epithelial (C0, C2, C3, C5, and C9) vs lamina propria (C4, C6, C7, C8, C10, and C11) (cells with zero expression are shown in
gray). (C) Characterization of esophageal SE vs BE cell types using known markers TP63 vs EPCAM, clusters 0 and 2 are SE
cells vs clusters 1, 3, 5, and 9, which express columnar-epithelial marker EPCAM (squamous cells do not express EPCAM but
are positive for the basal-squamous-esophagus marker TP63). (D and E) Characterization of intestinal-type (MUC2; VIL)
(clusters 3, 5, and 9) vs cardia-stomach (CLDN18; TFF2) cluster 1. (F) Quantification of cell distribution from each patient
biopsy specimen into each cluster type. (G) Cell-type–specific expression levels of RNF128 (E3-ligase) vs E2-conjugating
enzyme genes UBE2D1, UBE2D2, UBE2D3, UBE2E1, and UBE2I. (H) Dot-plot analysis by cluster showing normalized z-
score gene expression levels (depicted by the color) vs percentage of cells expressing the gene (dot size represents the
proportion of cells in each cluster expressing the marker). BE-CARD, BE cardia-like; BE-INT, intestinal-like; NE, normal
(esophageal) epithelium.
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Figure 3. RNAseq-based expression analysis of top candidate E2-conjugating enzymes for RNF128. Panels show gene-
based RNAseq data extracted from a 65-sample BE progression-related cohort with mRNA from NDBE (n ¼ 6), LGD admixture
(10%–100%) without HGD (n ¼ 20), HGD admixture (10%–100%; n ¼ 28), and EAC (n ¼ 11) tissue samples resected from
HGD or EAC patients.2 For (A) UBE2D1, (B) UBE2D3, (C) UBE2E1, and (D) UBE2I horizontal subpanels are as follows. (Ai–Di)
Violin-style boxplots, with ANOVA P values for NDBE plus LGD vs HGD or EAC group comparisons. (Aii–Dii) Expression
changes in a patient subset (n ¼ 8) with matched LGD and EAC (n ¼ 7) or HGD (n ¼ 1), with paired t test P values for each E2
shown. (Aiii–Diii) RNAseq-based comparison of expression and expression-derived copy number estimates (using recursive
median smoothing of genes mapping north and south of target loci chromosomal locations in genome version hg38) for
UBE2D1 (10q21.1), UBE2D3 (4q24), UBE2E1 (3p24.2), and UBE2I (16p13.3). Pearson correlations using all 65 samples are
shown. (Aiv–Div) shows expression correlations (Pearson, using all 65 samples) to the RNF128 Iso2/Iso1 log2 ratio. RPKM,
Reads Per Kilobase of transcript per Million mapped reads.
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Figure 4. Confirmation of UBE2D3 changes in other BE cohorts, and RNF128 to specific E2 copy number correlations in
the ESCA TCGA cohort for esophageal cancer. (A and B) Normalized deposited data from 2 GEO EAC cohorts from Kimchi
et al29 (GEO series GSE1420) and Wang et al30 (GEO series GSE26886), which support the loss of UBE2D3 expression be-
tween BE and EAC, as well as the observed high UBE2D3 expression in both SE and BE. Both studies applied histopathology-
driven tissue dissection and U133 Affymetrix expression array platforms, but different analytic methodologies. P values
represent unequal variances t tests applied between BE and EAC groups in each cohort. (C) Lack of correlated expression
between UBE2D1 and UBE2D3 across the 65 RNAseq samples in the BE progression cohort. (D–G) RNAseq by expectation
maximization (RSEM) expression vs capped relative linear copy number plots in TCGA EAC samples (n ¼ 87) from ESCA
cohort31 for (D) UBE2D1, (E) UBE2D3, (F) UBE2E1, and (G) UBE2I.
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selection of SE, BE, and EAC tissues showed high UBE2D3
mRNA levels in both SE and BE tissues, with reduced
expression in EAC relative to BE (Welch t test P ¼ .0025 and
P ¼ .0011 in GSE1420 and GSE26886, respectively)
(Figure 4A and B). Although we saw inverse group-wise
differences for UBE2D1 and UBE2D3 in our BE-related
RNAseq cohort (Figure 3A and B), expression levels for the
2 genes appeared to be independent of each other across the
65 samples (Figure 4C).

Analysis of copy number changes in TCGA EAC for the
same 4 Ub-conjugating E2s (Figure 4D–G), as well as the
estimated copy number in our BE progression-related
cohort (Figure 3Aiii-Diii), showed consistent correlations
between DNA copy number change and mRNA expression
levels for UBE2D3 (Pearson R2 ¼ 0.37 and 0.58)
(Figures 3Biii and 4E), less so for UBE2E1 (0.16 and 0.35,
respectively) (Figures 3Ciii and 4F) and UBE2I (<0.1 and
0.42, respectively) (Figures 3Diii and 4G), but not UBE2D1
(R2 < 0.1 and 0.2, respectively) (Figures 3Aiii and 4D).
These data offer a potential explanation for the reduced
UBE2D3 expression levels in both HGD and EAC, with evi-
dence of low-level copy number loss in the samples from
both of these tissue sets (Figures 3Biii and 4E). It is notable
that UBE2D3 (or the gene for UBCH5C) is located at chro-
mosome 4q, and broad copy number loss on 4q is reported
to be prevalent among EAC patients.32,33

RNAseq data also suggest a weak inverse correlation
between UBE2D1 expression and the reduction in RNF128
isoform ratio (R2 ¼ 0.26) (Figure 3Aiv), while changes in
UBE2D3 may be linked to chromosome 4q copy number
loss, which is independent of Iso2 changes (Figure 3Biv).
Together, these data suggest that the independent loss of
RNF128 Iso2 and UBE2D3 may represent critical events for
BE progression, allowing UBCH5A-Iso1 to form an inactive
E2–E3 complex that stabilizes mutant p53 (summarized in
the graphical abstract).
Tighter Binding Between RNF128 Iso1 and
UBCH5A Is Responsible for Reduced p53
Polyubiquitinating Ability

From our prior analyses2 using an in vitro ubiquitination
assay platform, we noted limited p53 ubiquitination by the
RNF128 Iso1 and UBCH5 complex, likely resulting in p53
stabilization. To determine the basis for the lack of catalytic
activity of Iso1-UBCH5 complex on p53, we compared the
binding of the 2 E3 isoforms (Iso1 and 2) with UBCH5 (A
and C). As shown in Figure 5A, the interaction of Iso1 was
readily detected with both E2 proteins, in contrast to their
interaction with Iso2. Successful E3–E2 interactions often
are too moderate or weak to facilitate easier transfer of
activated ubiquitin from E2 to E3, and then to the sub-
strate.18 Thus, a tighter E3–E2 interaction suggests subop-
timal functionality, as we reported in an independent
study.34 To clarify this effect on the E2 catalytic activity, we
compared the Iso1 and Iso2 interaction with either the wild-
type (WT) or a catalytically dead Cys85Ala (CA) mutant of
UBCH5A. Our results indicate (Figure 5B) that the inter-
action of Iso1 with UBCH5A was tighter irrespective of
E2 catalytic activity. As noted previously and seen here
(Figure 5A–C), the differences in protein expression for Iso1
and Iso2 was not owing to differential transcription. We also
always observed more abundant Iso1 protein expression
relative to Iso2 when overexpressed in multiple BE cells.2

To address such large differences in Iso1 and Iso2 protein
expression, we synthesized both isoforms using an in vitro
transcription/translation system, resulting in relatively
comparable quantities. When these synthesized isoforms
(nonglycosylated) were subjected to interaction studies
with UBCH5A or UBCH5C, we noted an approximately 2-fold
stronger association of Iso1 with both UBCH5 family
members compared with Iso2 (Figure 5D), which is
consistent with the observations when interaction studies
were performed in cells (Figure 5A and B).
In RNF128 Iso1, N-terminal Glycosylation Helps
Maintain Stability, Whereas the Proline Loop Is
Important for Functionality

To better understand the differential binding abilities of
the 2 RNF128 isoforms with UBCH5A, we analyzed the
existing Iso1 crystal structure (Protein Data Bank ID: 3ICU)
and identified 2 unique features absent in Iso2: 3 asparagine
(N) residues at amino acid positions 48, 59, and 101, and 2
proline (P) residues at positions 54 and 105 (Figure 6A).
While analyzing Iso1 glycosylation mutants, we noted lower
steady-state levels of the Iso1 single mutants, which was
even more pronounced in mutants in which all 3 N-residues
were changed to alanine (3NA) (Figure 6B), suggesting the
importance of N-terminal glycosylation in maintaining Iso1
protein levels. We also performed site-directed mutagenesis
to create Iso1 P54A and P105A mutants. In contrast to 3NA
mutant, the Pro to Ala (PA) mutants showed minimal change
in steady-state levels compared with the wild-type protein
(Figure 6C). To assess the influence of Iso1 glycosylation
and disruption of proline loops on protein stability, we also
performed protein half-life studies. As shown in Figure 6D
and quantified in Figure 6E, the Iso1 3NA mutant was highly
unstable (t1/2 ~45 min) relative to WT Iso1 (t1/2 >120 min),
suggesting the importance of glycosylation in maintaining
Iso1 protein stability. The protein half-life of the P105A
mutant was comparable with that of the WT protein
(Figure 6D and E).

Proline residues form structural kinks, and these residues,
are located proximal to the 2 loops unique to Iso1. Therefore,
we rationalized that mutation of P54 and P105 could alter the
loop conformation and allow weaker UBCH5A association. As
shown in Figure 6F, both the PA mutants showed weaker
binding with UBCH5A, supporting our hypothesis. We then
performed the in vitro ubiquitination assay of Iso1 PA mu-
tants for comparison with WT protein. The P105A mutant
showed increased ubiquitinating ability toward p53 relative
to the WT Iso1, however, both the P54A and 3NA mutants
showed lower ubiquitin ligase activity similar to WT RNF128
Iso1 (Figure 6G). Previously, we reported that either small
interfering RNA (siRNA)-mediated loss of mutant p53 or
siRNA-mediated knockdown of RNF128 Iso1, which indi-
rectly promotes mutant p53 down-regulation, can reduce
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clonogenic survival of mutant p53-driven BE (CpD [(CP-
18821) ATCC# CRL-4030 hTERT-immortalized high-grade
dysplasia cell line]) cells.2 Glycosylation inhibitors might be
tested on impacting the survival of CpD cells, however,
instead of a general inhibitor (eg, tunicamycin), a more spe-
cific inhibitor may be essential to reduce possible toxicity. We
then focused our attention on other factor(s) that may impact
RNF128 Iso1 protein stability.
UBCH5A Catalytic Activity Is Important for
Maintaining RNF128 Iso1 Protein Stability via
Protecting it From b-TrCP1–Mediated
Degradation

The cysteine located at 85 position (C85) is the catalytic
residue for UBCH5A functionality.35 To understand the
importance of this residue for its interaction with RNF128
Iso1, we created catalytically dead C85A and C85S mutants.
While expressing the UBCH5A C85A mutant in BE cells, we
noted a reduction in the steady-state levels of RNF128 Iso1
(Figure 7A). To further confirm and understand the basis for
this down-regulation, we performed similar studies using
both UBCH5A C85A and C85S catalytic inactive mutants in
the presence and absence of the proteasomal inhibitor
MG132. As shown in Figure 7B, overexpression of either
UBCH5A catalytically dead mutant resulted in significant
down-regulation of RNF128 Iso1, which was rescued in the
presence of proteasomal inhibitor MG132. Importantly,
agents capable of inhibiting UBCH5A activity, thus causing
RNF128 Iso1 degradation to impact mutant p53 stability,
may have translational value. To identify the ligase
responsible for Iso1 degradation in the absence of UBCH5A
catalytic activity, we used previously created serine 368/
369 to alanine (SA) mutants of RNF128 Iso1 and Iso2, which
we had reported as containing a phosphodegron recognized
for SCFb-TrCP1–mediated degradation.2 When we tested these
SA mutants in 4 different cell lines, we noted increased
steady-state levels for both isoforms (Figure 7C), empha-
sizing the importance of these serine phosphorylation sites
in maintaining RNF128 isoform protein stability. Previ-
ously, we identified UBCH5A as the E2 responsible for b-
TrCP1 degradation,36 which allowed us to hypothesize that
Figure 5. (See previous page). RNF128 Iso1 binds tighter with
or Iso2) were co-transfected either with UBCH5A or UBCH5C a
were treated with proteasomal inhibitor MG132 (2 mmol/L for 4
immunoblotting using indicated antibodies. (B) To test the intera
catalytic-dead (C85A) mutant UBCH5A, we performed co-tran
described earlier using the indicated antibodies. (C) Quantitat
exogenous Iso1 or Iso2 transcript expression in CpA and CpD c
transfected with empty vector. Cycle threshold (Ct) expression v
RNF128 construct in the vector controls. Error bars represent
UBCH5A (either WT or C85A mutant) and UBCH5C proteins
transfection cell lysates were subjected to immunoprecipitation
incubated with equal volumes of in vitro transcribed and transla
synthesis was approximately 1.9-fold higher compared with Iso
Iso2 were used for interaction studies and the percentage bindi
intensity using ImageJ software (National Institutes of Health,
family members in HEK293 cells. DDK, DYKDDDDK tag; GAPD
Chain; IP, Immunoprecipitation; LC, Light Chain.
in the absence of UBCH5A catalytic activity, b-TrCP1 may
get enriched to promote Iso1 degradation. Consistent with
this expectation, the Iso1 SA mutant was resistant to
UBCH5A C85A-mediated degradation (Figure 7D). We
further show that Iso1-SA mutant protection is owing
primarily to the reduced interaction with b-TrCP1
(Figure 7E). When considering these observations
together, we conclude that impacting UBCH5A catalytic
activity may be a novel approach to target RNF128 Iso1
and reduce mutant p53 accumulation.
Targeting of RNF128 Iso1 via Altering UBE2D1
Catalytic Activity Destabilizes Mutant p53 and
Reduces Clonogenic Survival of CpD Cells

It was reported previously that, in addition to the cata-
lytic cysteine (C85), there are 2 additional sites important
for maintaining UBCH5A catalytic activity (61-PF-62 and 95-
PA-96), because these residues are known to be key inter-
action sites for other E3 ligases, including Carboxyl termi-
nus of Hsc70-Interacting Protein (CHIP), another key E3
ligase involved in mutant p53 degradation.37 In an inde-
pendent study, F62A and A96D mutants of UBCH5A were
shown to lose significant catalytic activity.38 These critical
residues are conserved among all UBCH5 family members
(Figure 8A). To test the importance of these residues, we
used a panel of 4 previously created mutants, with 2 for
each residue (P61A, P61G, P95A, and P95G),34 to test the
effect of each PA mutant’s overexpression on RNF128 Iso1
binding and steady-state levels. In our hands, although
P61A/G and P95A/G mutants of UBCH5A interacted weakly
with Iso1 (Figure 8B), only P61G and P95A mutants showed
effective down-regulation of RNF128 Iso1 (Figure 8C), as
seen with the C85A UBCH5A mutant. Consequently, over-
expression of UBCH5A P61G and P95A mutants (but not
P61A and P95G) efficiently down-regulated a panel of the
most commonly observed p53 mutants in BE/EAC39

(R175H, R248Q, and R273H) in CpA (KR-42421) ATCC#
CRL-4027 hTERT-immortalized non-dysplastic metaplasia
cell line, CpD, and HEK293 cells (Figure 8D and E). In
contrast, another UBCH5A mutant (K144R),36 which does
not directly impact the E2 catalytic activity, did not down-
UBCH5 family members. (A) V5-tagged RNF128 (either Iso1
s indicated in CpA cells. Twenty hours after transfection, cells
hours) before harvest and immunoprecipitation followed by
ction ability between RNF128 Iso1 and Iso2 with either WT or
sfection, immunoprecipitation, and immunoblot analysis as
ive reverse-transcription polymerase chain reaction showing
ells along with ACTB (housekeeping) compared with cell lines
alues, rather than DDCt ratios are presented, given the lack of
the triplicate Ct range for each condition. (D) DDK-tagged
were overexpressed in HEK293 cells, and 24 hours after
using FLAG-M2 beads. Thoroughly washed beads then were
ted V5-tagged either RNF128 Iso1 or Iso2. Unlike cells, Iso2
1. Compared with input, 100-fold more amounts of Iso1 and
ng was calculated as shown after normalization of input band
Bethesda, MD). Lower panel: Expression of different UBCH5
H, glyceraldehyde-3-phosphate dehydrogenase; HC, Heavy
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regulate mutant p53. Consequently, overexpression of P61G,
P95A, and C85A UBCH5A mutants trended toward reduced
clonogenic survival of mutant p53-driven CpD cells,
whereas the K144R mutant did not (Figure 8F). Taken
together, we identified that targeting RNF128 Iso1-UBCH5A
interaction may compromise E3–E2 catalytic activity to
cause mutant p53 degradation, which may be a novel
mechanism to cause RNF128 Iso1 degradation, leading to an
impact on the survival of the mutant p53-driven BE cells.
Discussion
Independent studies reported that UBCH5B and UBCH5C

have better abilities to degrade p53 relative to UBCH5A.26 In
addition, UBCH5C is associated with a favorable prognosis,
whereas UBCH5A is a poor prognostic factor for esophageal
and lung cancers, respectively.27,28 Mutant p53 is the most
frequent mutational event in EAC and is associated with
progression of BE to EAC.31 Identifying methods to target
the stable mutant p53 protein may provide a means of
removing critical precursor cells in BE having the greatest
potential to progress to EAC. Our work in BE showed that
RNF128 (GRAIL), an E3 ubiquitin ligase, plays a critical role
in regulating the stability of the p53 protein.2 RNF128 has 2
isoforms: Iso1 accumulates in the progression of BE to EAC,
and Iso2 dramatically decreases in expression. Iso1 stabi-
lizes mutant p53 whereas Iso2 degrades mutant p53.
Therefore, the identification of mechanisms that either
restore Iso2 expression or reduce the expression or activity
of Iso1, might represent novel strategies to target BE cells
containing mutant p53. In this study, we characterized the
heterogenous cell types found in NDBE and identified
RNF128 as highly expressed in BE cells relative to SE cells
(Figures 1 and 2). Furthermore, we found that regardless of
intestinal vs cardia BE subtypes, RNF128 was expressed in
both, and key regulatory E2 family members such as
UBE2D1 were low in BE whereas UBE2D3 was highly
expressed. We defined potential regulators of RNF128 iso-
forms at the protein level and examined specific proteins
interacting with RNF128 Iso1 and Iso2, identifying several
E2 ubiquitin ligases including UBCH5A and UBCH5C. During
progression of BE to EAC we saw concurrent loss of RNF128
Iso2 and UBCH5C, both potential critical events for BE
progression that allowed Iso1–UBCH5A partner dominance
Figure 6. (See previous page). Asparagine (N) glycosylations
proline residues impact UBCH5 interaction to modulate func
Protein Data Bank 3ICU) showing asparagine (N) and prol
glycosylation-deficient mutants of RNF128 (N48A, N59A, N101A
long exposure [LE]). (C) Similar studies as described earlier
compared with WT and 3NA mutants of Iso1. (D) CpA cells we
Twenty-four hours after transfection, cells were treated with c
immunoblotting. (E) To calculate protein half-life, relative band
using ImageJ (National Institutes of Health), normalized to the a
SD). (F) UBCH5A (WT) protein showed weaker interaction with
Iso1. (G) RNF128 Iso1 (WT, 3NA, P54A, and P105A) proteins w
in vitro to transcription and translation systems. In vitro ubiquitin
earlier translated E3s along with the recombinant UBCH5A. S
specific antibody followed by immunoblotting using indicated
generated were quantified relative to WT Iso1-V5. CHX, Cycloh
phosphate dehydrogenase; IB, Immunoblotting; IP, Immunopre
to stabilize mutant p53 (see graphical abstract). Chromo-
some 4q loss was reported to be a frequent event in
EAC,32,33 however, the critical genes remain unclear. Our
data suggest that UBE2D3, encoding UBCH5C, may be one of
these loss of heterozygosity target genes.

Ubiquitination and the subsequent degradation of
mutant p53 requires both E2 and E3 partners, which need
to sufficiently, but weakly, interact to transfer the ubiquitin
moiety to the substrate molecule.18 Importantly, we found
interaction of Iso1 was stronger with both (UBCH5A and
UBCH 5C) E2 proteins in marked contrast to Iso2
(Figure 5A). This stability suggests the transfer of ubiquitin
to mutant p53 by Iso1 is less efficient and potentially in-
dependent of E2 catalytic activity, as indicated by comparing
the interaction of Iso1 and Iso2 with either the WT or C85A
(CA) mutants of UBCH5A (Figure 5B). As noted here and as
we reported previously,2 the 2 RNF128 isoforms consis-
tently are expressed at substantially different levels
regardless of the expression vector backbone and under the
cytomegalovirus-driven promoter carrying different C-ter-
minal tags (either FLAG or V5). To better understand this
difference in isoform expression, we used an in vitro tran-
scription/translation system to synthesize both isoforms.
Using this system, comparable quantities of both isoforms
were synthesized, suggesting biological factors control
exon-mediated, isoform-specific expression of RNF128.
Consistent with our previous observation,2 phosphorylation
is one of the mechanisms involved in RNF128 protein sta-
bility (Figure 7C). Although the site-specific S to A mutation
of Iso2 showed increased levels compared with the WT
protein, it still was substantially lower when compared with
Iso1, suggesting additional regulatory mechanisms control
Iso2 protein levels. One caveat of the in vitro transcription/
translation system is that the synthesized proteins lack any
post-translational modifications including glycosylation,
whose effect on RNF128-UBCH5A/UBCH5C interaction re-
mains unknown.

To define the differential binding abilities of the 2 RNF128
isoforms to the E2, we examined several unique aspects of
their protein structures. The 2 isoforms have identical C-
terminal regions yet differ in the first exon and thus the
protein’s N-terminus.2 Inspection of the crystal structure of
RNF128 showed 2 unique features of Iso1 including 2 proline
residues at positions 54 and 105 (Figure 6). Mutation of the
of Iso1 are important for protein stability, whereas loops at
tionality. (A) Crystal structure of RNF128 Iso1 (modified from
ine (P) residues. (B) Steady-state levels of wild-type and
, or triple mutant 3NA) in CpA cells (short exposure [SE] and
showing steady-state levels of P54A and P105A mutants
re transfected with either WT, 3NA, or P105A Iso1 mutants.
ycloheximide (50 mg/mL) for the indicated times followed by
intensities were determined from 3 independent experiments
mount of protein at the initial time point and plotted (means ±
RNF128 Iso1 P54A and P105A mutants compared with WT
ere synthesized using Transcription and Translation coupled
ation assay of His-tagged p53 (WT) was performed using the
ubsequently, p53 protein was immunoprecipitated using a
antibodies. Fold-change of p53 polyubiquitinated species
eximide; DDK, DYKDDDDK tag; GAPDH, glyceraldehyde-3-
cipitation.



Figure 7. UBCH5A catalytic activity is important in maintaining RNF128 Iso1 stability by protecting it from
b-TrCP1–mediated degradation. (A) RNF128 Iso1 and Iso2 steady-state levels were determined in CpA after co-
overexpression of either UBCH5A WT or C85A mutants. (B) To determine the effect of UBCH5A catalytic activity on the
stability of Iso1, CpA cells overexpressing the indicated proteins were either left untreated or treated with MG132 followed by
immunoblotting using the indicated antibodies. (C) Iso1 and Iso2 either WT or b-TrCP1 recognizing phosphodegron-deficient
(SA) mutants were overexpressed in multiple cell lines (CpA, CpD, HepG2, and HEK293). Twenty-four hours after transfection,
cell lysates were subjected to immunoblotting using the indicated antibodies. (D) Different Iso1 mutants (WT or SA mutant)
were co-overexpressed in CpA cells either with WT, C85A, or K144R mutant UBCH5A. Cell lysates were prepared 24 hours
after transfection followed by immunoblotting. (E) Interaction of RNF128 Iso1 (WT and SA mutant) with b-TrCP1 in the
presence of UBCH5A (WT and C85A mutants). Twenty hours after transfection cells were treated with MG132 for 4 hours and
cell lysates were subjected to immunoprecipitation followed by immunoprecipitation as indicated. DDK, DYKDDDDK tag;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Hsc70, Heat shock cognate 71 kDa protein; IP, Immunoprecipitation.
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proline to alanine at the 54 and 105 positions resulted in
possible disruption of the 2 predicted loops that are putative
sites for protein–protein interaction for Iso1. This apparently
weakened the interaction between the PA mutants of Iso1
and UBCH5A (Figure 6F), and, importantly for the Iso1
P105A mutant, restoration of p53 ubiquitination ability
(Figure 6G). Relative impact of P105 appears to be greater
than the P54 site possibly owing to adjacent N101 glycosyl-
ation. Expression of the 3NA triple mutant (N48/N59/N101
to A) at these potential glycosylation sites showed minimal
improvement on Iso1-mediated p53 polyubiquitination. It
may be interesting, however, to create a P105A mutation in a
3NA background to examine the role of these sites on Iso1
ubiquitin ligase activity.
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In mutant p53-driven dysplastic BE cells, either the loss of
mutant p53 or siRNA-mediated knockdown of RNF128
Iso1 led to reduced clonogenic survival,2 suggesting Iso1
targeting may have translational potential. Because loss of
Iso1 glycosylation in 3NA mutant reduced Iso1 protein
stability (Figure 6D and E), targeting glycosylation thus
may represent a strategy to influence Iso1 abundance.
Currently, there are several glycosylation inhibitors un-
dergoing clinical testing,40 presenting an opportunity for
future investigation.

We examined 2 sites within UBCH5A critical for its cata-
lytic activity, which when mutated (P61G and P95A) and
expressed in BE cells, were both able to reduce Iso1-UBCH5A
interaction (Figure 8B) and in turn result in Iso1 down-
regulation (Figure 8C). Most importantly, overexpression of
these UBCH5A mutants deficient in Iso1 interaction can cause
the degradation of commonly observed p53 mutants,
including R175H, R248Q, and R273H (Figure 8D and E).
Therefore, these studies suggest impacting UBCH5A catalytic
activity may be a novel approach to target RNF128 Iso1 for
degradation, resulting in the death of mutant p53-containing
BE cells, consistent with our previous use of RNF128 Iso1-
specific siRNA.2 It was interesting to note that specific
amino acid substitution (alanine vs glycine) at the P61 and
P95 positions had differential impact on promoting Iso1
down-regulation (Figure 8C). A similar observation on func-
tionality was noted for the enzyme phenylalanine-specific
permease in Escherichia coli.41 Because proline residues
allow kink formation42 to regulate protein–protein interac-
tion,43 it is plausible that substitution with different amino
acids can differentially impact b-TrCP1 recruitment to the
complex, which effects RNF128 Iso1 stability differently.

Our study had several limitations. We performed single-
cell RNA sequencing in paired patient samples from SE and
BE from the 3’ end of the transcript. Because the RNF128
isoforms differ at their 5’ end, our data cannot provide
insight into isoform-specific RNF128 alterations in different
cell types. In future studies, we plan to experiment with
isoform-specific single-cell sequencing and use dysplastic/
EAC samples to validate isoform-specific switching of
RNF128, UBE2D, and other E2 family members at the single-
cell level. We also acknowledge the lack of immunohisto-
chemistry data showing isoform-specific UBCH5 changes
during BE progression. However, as shown in Figure 8A,
Figure 8. (See previous page). Targeting of RNF128 Iso1 via a
p53. (A) Upper left panel: Table showing UBE2D family member
chromosomal locations. Upper right panel: Percentage sequenc
Pairwise amino acid sequence alignments between UBCH5A–D
alignment tool. Red boxes identify 61PF62, C85. and 95PA96 r
constructs were co-expressed with the indicated UBCH5A mu
fection, cells were treated with MG132 as described earlier, follow
(C) Similar co-transfection was conducted in CpA cells as descr
with the indicated antibodies. (D) CpA (left panel) and HEK293 (ri
transfected with different UBCH5A mutants as indicated and 4
using immunoblotting as indicated. (E) As described earlier, p53R
overexpression of P61G and P95A mutant UBCH5A in CpD (up
P61G, P95A, K144R, and C85A mutants) were overexpressed
clonal density to perform a clonogenic assay. Survival fractions u
the corresponding cell lysates were subjected to immunoblot an
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IP, Imm
because of the close homology, generation of isoform-
specific UBCH5 antibodies may not be feasible. Clonogenic
assays (Figure 8F), however, showed evidence for reduced
survival of CpD cells upon UBCH5A mutant (P61G, P95A,
and C85A) overexpression, and we attribute the minimal
differences in colony survival to the transient nature of
overexpression. Further experiments are necessary to sub-
stantiate and characterize these differences either via
establishing stable cell lines overexpressing key variant
UBCH5A mutant proteins or by treating dysplastic BE cells
carrying mutant p53 with previously reported UBCH5 cat-
alytic inhibitor.44

In conclusion, the increasing incidence of EAC in the
United States and other Western countries,45 the high inci-
dence of p53 mutations, and the fact that they arise early in
BE progression3 all point to the potential of targeting
mutant p53-containing BE cells. We are currently examining
small molecules that disrupt RNF128 Iso1–UBCH5A in-
teractions, which have the potential to target mutant p53-
containing BE cells.

Methods
Sample Collection

Biopsy specimens of normal esophageal SE and matched
NDBE were collected from consented subjects undergoing a
scheduled upper endoscopy for BE screening within the
University of Michigan Health System between 2017 and
2020. Samples were collected using protocols approved by
the University of Michigan Institutional Review Board.
Research biopsy specimens were either snap-frozen in
liquid nitrogen and stored at �80�C until use or used fresh
for single-cell RNAseq processing.

Tissue Processing and Staining
Tissue histology was confirmed on adjacent biopsy

specimens using a modified H&E stain. Frozen samples
were placed within a mold containing Optimal Cutting
Temperature (OCT) cryostat solution. The block was
frozen at �80�C and then secured onto the sectioning
mount within the cryostat. Sections 10-mm thick were cut
at �20�C and placed onto room temperature microscope
slides. These slides were submerged in hematoxylin for 1
minute followed by a wash in warm running water for 5
lteration of UBCH5A catalytic activity to destabilize mutant
genes (UBE2D1–4), protein (UBCH5A–D) and their respective
e homology between UBCH5 family members. Lower panel:
isoforms performed using the CLASTALW multiple sequence
esidues as discussed in the article. (B) The RNF128 Iso1-V5
tants (WT, P61A/G, and P95A/G). Twenty hours after trans-
ed by immunoprecipitation and immunoblotting as indicated.

ibed earlier and cell lysates were subjected to immunoblotting
ght panel) cells overexpressing P53R175H-DDK mutant were co-
8 hours after transfection mutant p53 levels were determined
248Q and p53R273H mutants showed down-regulation upon
per panel) and HEK293 cells (lower panel). (F) UBCH5A (WT,
in CpD, and 48 hours after transfection cells were plated at
pon UBCH5A overexpression are shown in the top panel and
alysis using the indicated antibodies. DDK, DYKDDDDK tag;

unoprecipitation.



144 Ray et al Cellular and Molecular Gastroenterology and Hepatology Vol. 13, No. 1
minutes and distilled H2O for an additional 2 minutes.
Slides then were dipped in 90% EtOH 10 times and
counterstained with 1� Eosin Y for 30 seconds. The tissue
was dehydrated in 70% EtOH for 3 minutes � 2 changes,
95% EtOH for 3 minutes � 2 changes, 100% EtOH for 3
minutes � 2 changes, and cleared in Histoclear II (Electron
Microscopy Sciences, Hatfield, PA) for 5 minutes � 2
changes. Cover slides were secured using Permount
mounting media (Thermo Fisher Scientific, Waltham, MA)
before imaging.

Single-Cell RNAseq
Fresh biopsy specimens were manually minced and

dissociated using a Neural Tissue Dissociation Kit (130-092-
628; Miltenyi Biotec, Auburn, CA) and an abridged manufac-
turer’s protocol resulting in ice-cold cells at a concentration of
1000 cells/mL. Single-cell droplet (5000–10,000 cells via
chromium platform; 10�Genomics, Pleasanton, CA) library
preparation (Chromium Next GEM Single-Cell 3ʹ Library
Construction Kit v3.1; 10�Genomics) and sequencing
(Novaseq platform; Illumina, San Diego, CA) were performed
by the University of Michigan Advanced Genomic Core. The
10� chromium at the University of Michigan Advanced Ge-
nomics Core facility was used to create single-cell droplets
with a target of capturing 5000–10,000 cells. The Chromium
Next GEM Single Cell 3’ Library Construction Kit v3.1 pre-
pared single-cell libraries according to the manufacturer’s
instructions (10�Genomics). Gene expression matrices were
constructed using Ranger (10�Genomics) and the human
reference genome (hg19). Previously published pipelines
were used for single-cell matrix generation/manipulation,46

cluster identification,47 and cluster visualization,48 with spe-
cific parameter details described later.

Tissue Dissociation for Single-Cell RNA
Sequencing

A full detailed protocol for tissue dissociation for single-
cell RNAseq can be found at www.jasonspencelab.com/
protocols. Fresh tissue was placed in a petri dish with ice-
cold 1� Hank’s balanced salt solution (HBSS) (with Mg2þ,
Ca2þ). To prevent adhesion of cells, all tubes and pipette
tips were prewashed with 1% bovine serum albumin (BSA)
in 1� HBSS. The tissue was minced manually using
spring–squeeze scissors before being transferred to a 15-mL
conical containing 1% BSA in HBSS. Tubes were spun down
at 500g for 5 minutes at 10�C, after which excess HBSS was
aspirated. Mix 1 from the Neural Tissue Dissociation Kit
(130-092-628; Miltenyi) containing dissociation enzymes
and reagents was added and incubated at 10�C for 15
minutes. Mix 2 from the Neural Tissue Dissociation Kit was
added and the suspension was fluxed through P1000
pipette tips (Gilson Incporporated, Madison, WI), inter-
spersed by 10-minute incubations at 10�C. Flux steps were
repeated as needed until cell clumps were no longer visible
under a stereo microscope. Cells were filtered through a
1% BSA-coated 70-mm filter using 1� HBSS, spun down at
500g for 5 minutes at 10�C, and resuspended in 500 mL 1�
HBSS (with Mg2þ, Ca2þ). RBC Lysis Buffer (1 mL,
11814389001; Roche Diagnostics Corporation, Indian-
apolis, IN) was added and tubes were incubated on a
rocker at 4�C for 15 minutes. Cells were spun down at
500g for 5 minutes at 10�C, then washed twice in 2 mL 1%
BSA, being spun down at 500g for 5 minutes at 10�C each
time. A hemocytometer was used to count cells, which then
were spun down and resuspended to reach a concentration
of 1000 cells/mL and kept on ice.

Single-Cell Library Preparation
The 10� chromium at the University of Michigan

Advanced Genomics Core facility was used to create single-
cell droplets with a target of capturing 5000–10,000 cells.
The Chromium Next GEM Single Cell 3’ Library Construction
Kit v3.1 prepared single-cell libraries according to the
manufacturer’s instructions (10�Genomics).

Sequencing Data Processing and Cluster
Identification

The University of Michigan Advanced Genomic Core
Illumina Novaseq performed all single-cell RNA sequencing.
Gene expression matrices were constructed from raw data
by the 10� Genomic Ranger with hg19. The Single-Cell
Analysis for Python (Scanpy) was used for analysis as pre-
viously described by Wolf et al.46 Filtering parameters for
gene count range, unique molecular identifier (UMI) counts,
and mitochondrial transcript fraction were implemented for
each data set to verify high-quality input data. For the
remainder of processing, all tissue data sets were combined
after organ-specific quality filtering had been performed.
Highly variable genes were removed, gene expression levels
were log normalized, and effects of UMI count and mito-
chondrial transcript function variations were regressed out
via linear regression. Z-transformation then was performed
on gene expression values before samples again were
separated by organ for downstream analysis. The Uniform
Manifold Approximation and Projection (UMAP) algorithm48

was used alongside Louvain algorithm cluster identification
within Scanpy, using a resolution of 0.6,47 to perform a
graph-based clustering of the top 10–11 principal compo-
nents. Parameters used for Figure 1 include the following:
(a) initial cell count, 19,249; final cell count, 13,332; initial
gene count, 32,738; final gene count, 4071. (b) Filtered
parameters used were as follows: minimum cells, 0; mini-
mum genes, 500; maximum genes, 7500; maximum counts,
100,000; and max Mitochondria: 0.2. (c) Analysis parame-
ters used were as follows: number of neighbors, 30; number
of principal components, 20; spread, 1; minimum distribu-
tion: 0.4; and resolution, 1. Parameters for the post hoc
extraction of cluster 0 differed in final cell count of 2400
with the number of neighbors of 15, and number of prin-
cipal components of 11. Analysis of BE biopsy specimens
only (n ¼ 2) in Figure 2 includes the following parameters:
(a) initial cell count, 7684; final cell count, 4293; initial gene
count: 32,738; and final gene count, 4469. (b) Filtered pa-
rameters used were as follows: minimum cells, 0; minimum
genes, 500; maximum genes, 7500; maximum counts,
100,000; and maximum Mitochondria, 0.2. (c) Analysis

http://www.jasonspencelab.com/protocols
http://www.jasonspencelab.com/protocols
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parameters used were as follows: number of neighbors, 15;
number of principal components, 11; spread, 1; minimum
distribution, 0.4; and resolution, 0.4.

Data and Code Availability
All code used for single-cell analysis and data presenta-

tion is available via Github at: https://github.com/jason-
spence-lab. Submission of raw sequencing data is in
process, for inquiries contact the authors. Sequencing data
introduced in this study will be deposited at EMBL-EBI
ArrayExpress (ArrayExpress: number in progress).

In Silico Identification of Potential E2 Interactors
for RNF128 in BE/EAC

To identify potential E2 ubiquitin-conjugating enzyme
binding partners for RNF128 in its E3 ligase capacity for
p53 ubiquitination in BE/EAC, we used published literature
to collate a list of known human E2s, including details
pertaining to E3 partnership versatility and history of p53
as a substrate. Using our previously described RNAseq
cohort of BE and EAC resection tissues,2 we determined the
average BE mRNA expression level of each E2 and expres-
sion trends across cataloged BE histology groups (6 NDBE,
20 containing LGD without HGD, 28 containing HGD, and 11
EACs).

Because EAC is characterized by frequent DNA copy
number changes,33,49 we noted E2s residing in genomic
regions of frequent loss or gain in EAC. We confirmed
these copy number trends in the 89 EACs from the TCGA
ESCA cohort31 and correlated them with gene expression
level for each E2. To estimate BE sample DNA copy
number at each E2 locus, we applied a recursive median
smoothing algorithm, similar to that used by CaSpER,50 to
estimate copy number from RNAseq expression in BE
samples. Median expression values (reads per kilobase of
exon model per million reads) for each gene from 6 NDBE
samples were used as a baseline for log2 expression ratios
generated across genome-position ranked (hg38) genes for
each individual BE or EAC sample. Only hg38 chromosome-
localized genes with expression in all 6 NDBE reference
samples were included. Three successive rounds of median
smoothing were conducted with increasing window sizes
extending 5, 10, and 20 expressed genes on either side of
each target locus. The median expression across all X
chromosome mapped markers was used to adjust for each
sample for ploidy drift. We considered copy number esti-
mates at E2 loci vs E2 expression levels across the 65 in-
dividual samples.

Transfection and Protein Analyses
BE cells (CpA and CpD) and hepatocellular carcinoma

(HepG2) cells were transfected using Fugene-HD (Thermo
Fisher Scientific, Waltham, MA), and human embryonic
kidney (HEK293) cells were transfected using calcium
phosphate methods as described.2 Immunoprecipitation and
immunoblot analyses were performed as earlier
standardized.51
Protein Half-Life Studies
RNF128 Iso1 WT and glycosylation-defective (3NA)

mutant protein half-lives were calculated after transfection
of CpA cells by adding cycloheximide (50 mg/mL) 24 hours
after transfection as described.2 Glyceraldehyde-3-phosphate
dehydrogenase was used as loading control. The approximate
mutant RNF128 protein t1/2 was calculated and compared
with the WT protein based on relative band density (arbi-
trary units) and time (hour) in a linear scale calculated from
3 independent experiments.

Coupled Transcription and Translation and
In Vitro Ubiquitination Assay

V5-tagged RNF128 (WT) and (3NA, P54A, and P105A)
mutants were in vitro transcribed and translated using the
T7 quick-coupled transcription/translation system (Prom-
ega Corporation, Madison, WI) according to the manufac-
turer’s protocol. Protein expression was confirmed using
immunoblotting and a V5-specific antibody. The in vitro
ubiquitination assay and p53 protein modifications were
performed as described.2

Statistical Analysis
Mapped (hg19) and normalized single-cell expression

data from SE and BE (Figure 1) or BE only (Figure 2)
esophageal biopsy specimens from 2 nonprogressed in-
dividuals were grouped into unsupervised fully modular
Louvain clusters with UMAP48 (version 0.4 as implemented
in the umap-learn python package) using parameters given
earlier for each biopsy comparison. Before clustering, cells
with the least (<500 genes; dead cells) and most (>7500
genes; doublet cells) genes expressed were removed from
analyses, along with cells with high mitochondrial loading
(averaged mitochondria to nuclear expression ratio, >0.2)
and cells with high UMI counts greater than 10,000. The top
200 most discriminatory genes for each UMAP cluster are
shown in Supplementary Table 3 (BE only) and
Supplementary Table 2 (squamous and BE). These outputs
were generated via the tl.rank_genes_groups function in
Scanpy,46 which represents the z-score associated with the P
value, and includes the log2-adjusted fold change ratio of
average expression for cluster-specific vs all the rest of cells
(cells not assigned to the current cluster), P values t test
comparison of cell expression in the current cluster vs the rest
of cells, and these P values52 were adjusted for multiple
testing (P values_adj). The Scanpy function pl.rank_genes_-
groups_dotplot was used to generate the subclustering dot-
plot analysis given in Figure 2A. Figure 2, which focuses on
cell clusters 1, 3, 5, and 9, designated as having high BE cell
content, based on low squamous cell (KRT4 and KRT15) and
high columnar cell (EPCAM, TFF1, TFF2, and TFF3) marker
content. Dot-plot expression content is represented with dot
circumference as a fraction of positive cells and color intensity
as average expression level, as depicted in the key (lower right
of Figure 2L).

Standard RNAseq analyses of RNF128 isoforms and the
specifically chosen E2s performed using normalized RPMK

https://github.com/jason-spence-lab
https://github.com/jason-spence-lab


146 Ray et al Cellular and Molecular Gastroenterology and Hepatology Vol. 13, No. 1
values,53 as generated previously,2 were graphed in Prism
(version 9; GraphPad Software, San Diego, CA), with ANOVA
adjusted for 2 � 2 group (NDBEþLGD vs HGD or EAC)
comparisons, paired t test (LGD vs patient-matched HGD or
EAC), or Pearson correlations used to highlight trends be-
tween gene expression and estimated local copy number, or
gene expression and RNF128 isoform expression. RNF128
isoform expression was expressed as a log2 ratio between
Iso2 and Iso1 levels using previous data2 from our 65-
sample BE progression-related cohort.

DNA copy number (capped relative linear copy number
or Genomic Identification of Significant Targets in Cancer
generated mean copy) and matched RNAseq by expectation
maximization54 gene expression data for the EAC portion
(cancer type detailed ¼ EAC; n ¼ 87) of the ESCA (esoph-
ageal cancer) TCGA cohort31 were extracted from cBio-
Portal55 for the top E2 conjugation enzyme genes and plotted
using Prism to explore correlations between gene dose and
copy number, assessed by Pearson correlation.

UBE2D3-specific data (Affymetrix [Santa Clara, CA] U133
array probe set 200668_s_at) for the cohorts of GEO series
GSE142029 and GEO series GSE2688630 were extracted us-
ing the GEO2R interface,56 in which BE and EAC expression
in each cohort was compared using an unequal variances t
test. We included normal SE sample groups available for
these cohorts in plots for reference, but SE sample groups
were excluded from statistical analyses because they were
not a feature of validation comparison.

For Pearson comparisons we considered r values with
magnitudes of 0.4 (r2 ¼ 0.16) to represent nominal evidence
for an association whereby greater than 15% of variance
could be attributed to this association. For single-comparison
t test–based comparisons we considered P values less than
.05 as evidence for an association.

For protein half-life studies, results are presented as
means ± SD of at least 3 independent experiments.

All authors had access to the study data and reviewed
and approved the final manuscript.
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