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Aged hematopoietic stem cells (HSC) show diminished capacity of self-renewal, skewed lineage output and compromised
proteostasis. Ubiquitin proteasomal systems are critical for maintaining protein homeostasis. We show that the levels of
Ube2g1, a E2 ubiquitin-conjugating enzyme likely involved in clonal selection of HSC, was elevated in aged murine and hu-
man HSC. We hypothesized that elevated levels of Ube2g1 causally contribute to hematopoietic system aging. Elevated
levels of Ube2g1in young murine HSC resulted in increased myeloid-to-lymphoid ratio and reduced naive T cells, both known
hallmarks of hematopoietic aging. Interestingly, the ubiquitination function of Ube2g1 did not primarily account for the ob-
served phenotypes. Elevated levels of Ube2g1 affected global tyrosine phosphorylation, mediated through a Ube2g1-Shp2
axis, which correlated with impaired T-cell development and reduced HSC function. Our work identifies a novel connection
between proteins involved in the regulation of ubiquitination and phosphorylation in HSC that affect phenotypes linked to

aging of HSC.

Introduction

Hematopoietic stem cells (HSC) are essential for maintain-
ing a functional hematopoietic system throughout life. The
delicate balance between self-renewal and differentiation
is critical for preserving HSC function.? As organisms age,
HSC undergo a functional decline, contributing to age-as-
sociated changes in the hematopoietic system.*® The aging
process in HSC involves a complex network of intra- and
extracellular mechanisms, one of which is changes in pro-
teostasis, the equilibrium between protein formation and
degradation.®” HSC maintain low protein synthesis rates and
high translation accuracy, coupled with efficient protein
degradation systems which are tightly regulated.®®

Proteostasis comprises three main components: protein
translation, folding, and degradation.®" Previous research
has emphasized the importance of protein translation
and folding in quiescent cells like HSC.8""2 But the nature
of the degradation network within HSC has not been ad-
dressed in detail. A key player in protein degradation is the
ubiquitin-proteasome system (UPS), which tags proteins

with ubiquitin for subsequent degradation by the 26S pro-
teasome.*"™ During HSC aging, the efficiency of the UPS
declines, leading to the accumulation of damaged and
misfolded proteins in aggregates. The differential regulation
of these aggregates between young and aged HSC affects
HSC function.*™®

E2 enzymes mediate ubiquitin transfer between E1 activat-
ing enzymes and E3 ligases, contributing to the diversity of
ubiquitination through target and E3 specificity.*'" Reported
data support a role for the E2 ubiquitin-conjugating enzyme
Ube2g1 in clonal selection of HSC upon aging. Ube2g1 is
thought to primarily catalyse the addition of K48-linked
ubiquitin chains, which typically signal for substrate deg-
radation.® Ube2g1 has been further implicated in treatment
resistance of multiple myeloma via self-establishment of
K48-Ub chains, suggesting a complex role beyond sup-
porting E3 ligases.”® Recent studies demonstrated an in-
volvement of Ube2g1in TRAF7-mediated DBD degradation
and a potential connection to 3’UTR shortening in T-cell
development.20:2

Based on our preliminary data, we hypothesized that Ube2g1
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is involved in HSC aging. We show here that increased lev-
els of Ube2g1in murine and human HSC confer segmental
aging on young murine HSC and altered protein phosphor-
ylation patterns, which correlated with changes in Shp2.
Elevated levels of Ube2g1 impaired aging-associated T-cell
development and reduced HSC function.

Methods

Mice

Young wild-type (WT) C57/BL6J mice (10-16 weeks, CD45.2%)
and aged RFPX/K mice (>80 weeks, CD45.2*) were used for
competitive transplantations. Isolated HSC were trans-
duced and transplanted into lethally irradiated (7+4 Gy)
young B6.SJL-Ptprc? Pepc®/Boyd recipient mice (12-16 weeks,
CD45.1%). For other experiments young (10-16 weeks, CD45.2%)
and aged (>80 weeks, CD45.2*) WT C57/BL6J mice were used.

Hematopoietic stem cell transduction

Long-term (LT)-HSC (Lin-, c-Kit*, Sca-1*, CD34", Flt3") (Online
Supplementary Table ST) were sorted from lineage depleted
LDBM using FACS sorting (BD, Aria lll). For transduction,
HSC were incubated for 16 hours in mHSC medium (IMDM
with 10% FBS, 1% Pen/Strep, 1% GlutaMAX, 100 ng/mL SCF,
TPO and G-CSF) with viral particles (VP) at multiplicity of
infection (MOI) of 30.

Flow cytometry

Spleen and thymus were forced through a 70 um filter to
retrieve single cells and red blood cells lysed (Biolegend)
prior to flow analysis with an LSRFortessa (BD) (Online
Supplementary Table S7).

Immunofluorescence

Young (median age: 32.5 years) and aged (median age: 71.0
years) human CD34* HSC were cultured in hHSC medium
(StemSpan SFEM with 100 ng/mL SCF, 50 ng/mL TPO and
100 ng/mL (Fly3) (Online Supplementary Table S2). For
preparation of cells for immunofluorescence (IF), we fol-
lowed the protocol published by our group.?? Antibodies
are listed in Online Supplementary Table S1.

Proximity ligation assay

For proximity ligation assay (PLA) after fixation and per-
meabilization,?? the Duolink Proximity Ligation Assay (Sig-
ma-Aldrich) was used according to the manufacturer’s
instructions with the addition of GFP counterstaining.

Production and titration of lentiviral particles

Viral particles were generated using a Transfection Kit
(Takara Bio). We used a GFP cassette that was inserted
downstream of the ORF (Control, Ube2g1-OE, Dash between
Ube2g1 and C90S = Ube2g1-C90S-0E, shScrambled and
shUbe2g1) with a TRTRPLE linker. Plasmids were transfected
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in 293T-LentiX cells (TakaraBio) and VP harvested, concen-
trated by ultracentrifugation, and the titers determined.®

Mass spectrometry

Digestion, elution and measurement, as well as quantitative
analysis and peptide identification with Andromeda, were
performed as previously described.?*?¢ To identify Ube2g1
interacting proteins, positive outliers found by Significance
B testing? in addition to proteins with a log2 Ube2g1/ctrl
ratio >2 were considered.

Ube2g1-0E®®°S generation

Data from Lu et al® were used for the generation of the
C90S mutated Ube2g1-0OE plasmid. A site-directed muta-
genesis kit (NEB) was used to introduce the base substi-
tution (Online Supplementary Figure S1A).

RNA-sequencing

Transduced HSC were sorted and processed according to
the SMART Seq. v4 Ultra Low Input RNA Kit (Takara Bio).
Libraries were prepared with the Nextera XT library Kit (Il-
lumina). Raw data were processed, aligned, and mapped
as previously described.?"?® For GoTerms analysis (Online
Supplementary Table S3), differentially expressed genes
(DEG) from selected comparisons were used in Gorilla.?®

Ethical statement

Our research complies with all relevant ethical regula-
tions and was performed in compliance with German Law
for the Welfare of Laboratory Animals approved by the
Regierungsprasidium Tubingen and the Ethikkommission
of Ulm University (Institutional Review Board approvals:
66/24, 392/16).

Graphical illustrations
Graphical images were generated with BioRender.com under
an Academic Lab License.

Quantification and statistical analysis

The statistical tests used are described in the respective
figure legends. We performed multiple experiments with
biological replicates to ensure data reproducibility.

Results

Expression of Ube2g1 is increased in aged murine
hematopoietic stem cells and aged human
hematopoietic stem and progenitor cells

A replication deficient retroviral insertional mutagenesis
screen®® identified, among others, elevated levels of Ube2g1,
an E2 enzyme relevant for degradation specific K48-ubiqg-
uitination establishment, as a likely target for conferring
aging-associated clonal advantages to HSC?2%' (Online Sup-
plementary Figure S2A). We, therefore, determined the level
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Figure 1. Elevated levels of Ube2g1 result in segmental premature aging of hematopoietic stem cells. (A) Representative immu-
nofluorescence (IF) images from young (12-16 weeks [wks] old, WT) and aged (>80 wks old, WT) murine hematopoietic stem cells
(HSC) stained for Ube2g1 (red) and DAPI (blue). Scalebar = 5pm. (B) Relative (log2 transformed) intensity of Ube2g1 in young and
old murine HSC (N=7-11, biological repeats equal to an average of 83/155 (young/old) cells per replicate). (C) Representative IF
images of human CD34* hematopoietic stem and progenitor cells (HSPC) from young (25-33 years donors; mean = 30 years) and
old (55-80 years; mean = 68 years) donors stained for Ube2g1 (red) and DAPI (blue). Scalebar = 5um. (D) Relative (log2 transformed)
intensity of Ube2g1in young and old human CD34* HSPC (N=4-7, biological repeats equal to an average of 191/166 [young/old] cells
per replicate). (E) Schematic of the experimental set-up of the competitive transplantation experiment, using sorted HSC from
young (12-16 wks old, WT) and aged (>80 wks old, AcRFP*) donor mice (CD45.2*). HSC were genetically engineered and transplant-
ed alongside 5 x10* CD45.1* bone marrow (BM) cells into lethally irradiated recipient mice (CD45.1*). (F) Ratio of the percentage of
donor-derived (GFP*) myeloid (Gr-1*/CD11*) over lymphoid (CD3e*, CD19*) cells in peripheral blood (PB) 24 weeks post transplan-
tation (N=16-19; 4 independent experiment repeats). (G) Percentage of donor-derived (GFP*) T cells (CD3e*), B cells (CD19*) and
myeloid cells (Gr-1*/CD11*) in PB 24 weeks post transplantation (N=17-19; 4 independent experiment repeats). (H) Representative
flow cytometry plots showing splenocytes gated for young and aged naive (CD62L%™, CD44"), effector (EM; CD62L", CD44"), and
central memory cells (CM; CD62L*, CD44%) in animals transplanted with HSC transduced with Ube2g1-OE or control virus. () Per-
centage of donor-derived (GFP*) naive, CM and EM CD8"* T cells in the spleen 24 weeks post transplantation (N=17-19; 4 indepen-
dent experiment repeats). Data show individual biological replicates with each replicate as mean + standard error of mean (SEM)
(B, D) or mean * standard deviation (SD) (F, G, I) from 4 independent repeats for mouse experiments. Data were assessed by a
One sample t test against a value of 0 for young control (B, D) or by One-Way ANOVA or Kruskal-Wallis test depending on nor-

mality (F, G, I). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

of Ube2g1 protein in young and aged murine HSC by quan-
titative immunofluorescence imaging (QIF??). Aged murine
LT-HSC (Lin", Scal*, c-Kit*, CD34", FIt3") exhibited increased
levels of Ube2g1 protein compared to young cells (Figure
1A, B). Levels of ubiquitin and lysine-48-linked ubiquitin
(K48-Ub), proteins that are, like Ube2g1, critical for protein
degradation, showed a mild reduction in the case of overall
ubiquitin (Online Supplementary Figure S2B, C), while there
was an increase in the level of K48-Ub (Online Supplemen-
tary Figure S2D, E). K48-Ub primarily targets proteins to-
wards proteasomal degradation. Elevated levels of K48-Ub
have also been reported in age-related protein aggregation
diseases.*?** Similarly to our findings in murine HSC, the
levels of both Ube2g1 and K48-Ub were also increased in
aged human bone marrow (BM)-derived CD34* HSPC (donor
>60 years) compared to HSC from young donors <30 years,
while levels of ubiquitin were not affected by aging (Figure
1C, D, Online Supplementary Figure S2F-I). These findings
are consistent with elevated levels of proteins marked for
degradation in aged HSC, while further experiments will be
required to test for the overall flux of protein degradation
in especially aged human HSC.

Elevated levels of Ube2g1 result in segmental premature
aging of hematopoietic stem cells

We next investigated the extent to which an elevated
level of expression of Ube2g1 in young HSC changes func-
tional parameters in HSC that are associated with aging.
Competitive transplantation experiments of young and
aged LT-HSC transduced with a GFP-tagged Ube2g1 that
conferred elevated levels of expression of Ube2g1 to HSC
(overexpression [OE] HSC) (Figure 1E, Online Supplementary
Figure S3A-D) revealed a pronounced myeloid bias (my-
eloid cell frequency over lymphoid cell frequency) driven
by OE HSC in peripheral blood (PB) of the recipient mice.
There was a 3-fold increase of the myeloid bias in ani-
mals transplanted with OE young cells, which increased

to 18-fold in recipients of OE aged HSC when compared to
the myeloid over lymphoid ratio in animals transplanted
with HSC transduced with a control virus (Figure 1F). The
shift was due to a 4-fold decrease in T cells and a 2-fold
increase in myeloid cells in recipients of young OE HSC,
while animals transplanted with aged OE cells showed a
6-fold reduction in T cells and a 50% increase in myeloid
cells in the PB compared to controls (Figure 1G). This my-
eloid shift was also present in the spleen, but not in the
BM of the recipients (Online Supplementary Figure S3E-H).
Elevated levels of OE did not affect the frequency of young
HSC or the aging-associated increase in aged HSC,*3® or
the frequency of young and aged myeloid progenitor cells
in BM (Online Supplementary Figure S3 I, J).

Upon aging, there is a reduction in the frequency of naive
CD8* T cells and an increase in the frequency of CD8*
memory T cells in spleen.?®3¢ Recipients of young OE HSC
already showed a substantial reduction in the frequency
in naive CD8-positive T cells (CD8*, CD44-, CD62L") (Figure
1H, 1), while they were completely absent in recipients of
aged OE HSC. Conversely, the frequency of central memory
T cells (CD8*, CD44*, CD62L*) was increased in the spleen
of recipients that received either young or aged OE HSC.
The frequency of effector T cells (CD8*, CD44*, CD62L")
was not affected in OE-transplanted mice. Moreover, also
the frequency of naive (lower upon aging) and memory
(elevated upon aging) CD4* T cells in the spleen of animals
transplanted with Ube2g1-OE HSC mirrored the frequency
of their CD8* counterparts in OE HSC recipients (Online
Supplementary Figure S3K). Collectively, these findings
support the view that elevated levels of Ube2g1 in HSC
can be causative for segmental aging-like differentiation
phenotypes of HSC.

We next investigated the extent to which a reduction in the
expression of Ube2g1in aged HSC might reduce aging-asso-
ciated phenotypes of aged HSC. Competitive transplantation
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experiments of aged LT-HSC transduced with an GFP-tagged
shRNA against Ube2g1 that reduced elevated levels of
expression in aged HSC (KD HSC) (Online Supplementary
Figure S4A-D) demonstrated that, indeed, reduced levels
of Ube2g1 resulted in a decreased myeloid bias compared
to aged controls (Online Supplementary Figure S4E, F),
driven by a lower frequency of myeloid cells in combination
with a modest increase in T and B cells in PB. Ube2g1-KD
in aged HSC did not affect the aging-associated reduction
in naive CD8* T cells in spleen or myeloid bias reported for
aged HSC (Online Supplementary Figure S4G, H). T, B, and
myeloid cells in BM were similar to animals transplanted
with aged control HSC (Online Supplementary Figure S4 1),
while the aging-associated increase in the frequency of HSC
in aged BM was reduced in animals transplanted with aged
Ube2g1-KD HSC (Online Supplementary Figure S4J). While
these data support an overall causal role of an elevated
level of Ube2g1 for conferring aging-associated phenotypes
on HSC, they also reveal that there is only a segmental set
of phenotypes affected by Ube2g1.

The ubiquitination function of Ube2g1 is not required for
conferring aging-associated phenotypes on
hematopoietic stem cells

Lu et al. demonstrated, in large sets of experiments, that a
C90S point mutation in Ube2g1 renders the ubiquitination
function of Ube2g1 inactive, and that Ube2g1-C90S is not
able to ubiquitinate target proteins.® We, therefore, per-
formed competitive transplantation experiments with HSC
that were transduced with Ube2g1-C90S-0E to test for the
role of the ubiquitination function of Ube2g1 for conferring
the aging-associated phenotypes (Figure 2A, B, Online Sup-
plementary Figure S1A-D). Unexpectedly, Ube2g1-C90S-0E
did not alter the segmental aging phenotype conferred by
the elevated level of Ube2g1. Recipients receiving Ube2g1-
C90S-0E HSC still exhibited a 12-fold increase in the my-
eloid-to-lymphoid cell ratio in PB due to a reduction in T
cells and an increase in myeloid cells (Figure 2C, D). Also,
the reduction in frequency of naive CD8* T cells and an
increase in the frequency of effector T cell (Figure 2E), as
well as a shift in the myeloid-to-lymphoid ratio in the spleen
(Online Supplementary Figure S1E, F) conferred by Ube2g1-
OE was not affected by the point mutation. Ube2g1-C90S
HSC mirrored the function of Ube2g1-OE HSC also with
respect to the frequency of mature T, B, and myeloid cells,
as well as LT-HSC and myeloid progenitor populations in
BM (Online Supplementary Figure S1G-I). Collectively, these
findings imply that enzymatic function - “ubiquitination of
target substrates bound to an E3 enzyme” - of Ube2g1 is
probably not the main mechanistic driver conferring ag-
ing-like phenotypes on Ube2g1-OE HSC.

Elevated levels of Ube2g1 result in changes in
phosphorylation and immune system pathways
We next employed RNA sequencing approaches on Ube2g1-
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OE HSC to obtain insights into likely molecular mechanisms
on the action of Ube2g1 (Figure 3A). Analysis of the sample
distribution using a 2-dimensional PCA identified a greater
heterogeneity among young Ube2g1-OE HSC compared
to aged Ube2g1-OE HSC (Figure 3B). While there was an
overall large number of DEG between young and aged cells,
unsupervised clustering of differentially expressed genes
revealed a strong shift in the transcriptional landscape
of young Ube2g1-OE hematopoietic stem and progenitor
cells (HSPC), while a more muted difference was observed
for the transcriptional pattern of aged Ube2g1-OE HSPC
(Figure 3C). Clustering of the DEG into functional groups
via Gene Ontology (GO) analyses revealed terms associ-
ated with protein phosphorylation among the top hits,
along with terms related to cytokine production (Figure
3D, Online Supplementary Table S3). So far, Ube2g1 has
not been associated with a role in the regulation of pro-
tein phosphorylation. To obtain additional information
with respect to the phosphorylation-related terms, these
DEG were plotted on a volcano plot. Additional analyses
revealed a strong association of GO in Ube2g1-OE HSPC
with TCR and MAPK signaling, represented by Zap70 and
Ptpn11 (Shp2) expression (Figure 3E, Online Supplemen-
tary Table S4).

In parallel co-immunoprecipitation (Co-IP) and mass
spectrometry approaches, we identified potential protein
interaction partners of Ube2g1 (Figure 3F, G, Online Sup-
plementary Table S5). We identified Uba52, an E1 ubiquitin
donor, as a likely prime Ube2g1-OE partner (Online Supple-
mentary Figure S5A, B). Unexpectedly, Shp2 (a phospha-
tase), for which we observed increased expression in young
Ube2g1-OE compared to control HSC, emerged again as a
potential interactor. Furthermore, we identified a cluster
of heat shock proteins (Hspala, Hspa2, Hspa4, Hspa8) as
potential binding partners. We, therefore, also investigated
a likely role of heat shock factor 1 (Hsf1), a regulator of
heat shock protein expression, in Ube2g1-OE HSC. Young
Ube2g1-OE HSC showed reduced levels of Hsf1, which
aligns with an age-associated decrease in Hsf1 expression
in HSPC (Online Supplementary Figure S5C, D). We made
use of PLA to confirm key interactors of Ube2g1 in HSC.
In physiological control conditions, we found Ube2g1 to
be in close proximity (less than 40 nm) to both Creb3, a
leucine zipper DNA binding protein, and Uba52. The aver-
age frequency of such a very close interaction of Ube2g1
with either Creb3 or Uba52 was increased in Ube2g1-0OE
HSC, suggesting increased levels of interaction upon an
increase in protein (Online Supplementary Figure S5E-K),
further supporting direct interaction of these proteins.

Elevated levels of Ube2g1 reduce global tyrosine
phosphorylation and the level of Shp2 phosphatase

As the RNA-sequencing as well as the Co-IP analyses
showed changes in general protein phosphorylation in re-
sponse to elevated levels of Ube2g1in HSC, we determined
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the level of protein phosphorylation as well as the level
of Shp2 expression in Ube2g1-OE HSC (Figure 4A, Online
Supplementary Figure S6A). In aged HSC, the level of ty-
rosine-specific phosphorylation (pTyr) was decreased to
60% compared to young HSC. Ube2g1-OE in young HSC
reduced the level of pTyr to that of aged HSC (Figure 4B,
C). Interestingly, there was a high level of correlation for
the localization of pTyr and Ube2g1 within HSC, with Pear-
son correlation co-efficients (PCC) of approximately 0.7

A 3D structure of Ube2g1 B

J. Niemann et al.

across all samples (Figure 4D).

In contrast to increased expression of Shp2 in our tran-
scriptomic data, we observed a reduction in Shp2 protein
levels in young Ube2g1-OE HSC (Figure 4E, F). Mirroring
Ube2g1 and pTyr, the level of co-localization (PCC) between
Ube2g1 and Shp2 was high across all samples, suggesting
an elevated likelihood of protein interactions (Figure 4G).
We also determined the level of pTyr and Shp2 in Ube2g1-
KD and Ube2g1-C90S-0E in comparison to their respective
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Figure 3. Elevated levels of Ube2g1 result in changes in phosphorylation and immune system pathways. (A) Schematic of the
workflow for RNA-Sequencing sample preparation. Hematopoietic stem cells (HSC) from young (12-16 weeks [wks], wild-type
[WT]) and aged (>80 wks, WT) mice were genetically engineered and then sorted for GFP*. The resulting cells were used for library
preparation prior to RNA-sequencing. (B) Principal component analysis (PCA) (N=4 biological replicates per condition). (C) Heatmap
comparing young and old control (Ctrl) or Ube2g1-OE for differentially expressed genes (DEG) between groups. Rows represent
fold-change between different conditions and columns individual samples. Samples are subclustered according to similarities
as depicted on the bottom of the heatmap and indicated as colors and black bars. (Left) Gene clusters according to subclusters
from the DEG analysis. (Top) Phylogenetic tree for sample similarity depending on DEG. (D) Gene set enrichment analysis (GSEA)
for the comparison of DEG between the young samples with OE and Ctrl. All resulting gene ontologies (GO) are depicted. Color
indicates P value and size of the circle gene counts. FDR: false discovery rate. (E) Comparison of significant DEG between young
OE and Ctrl. (Top) Genes associated with the terms found in the GSEA are highlighted. (F) Workflow for immunoprecipitation (IP)
followed by mass spectrometry for NIH/3T3 cells stably transduced with control or Ube2g1-OE. (G) Proteins found in the com-
parison between NIH/3T3 cells with Ube2g1-OE and control after IP. (See also Online Supplementary Table S5). Proteins that show

significant differential presence are highlighted as red dots.

control. There was an overall reduced level for both pTyr
and Shp2, and their levels were similar to those observed
in Ube2g1-0OE and aged HSC (Online Supplementary Figure
S6B-E). Inhibition of Shp2 by a specific pharmacological
inhibitor (SHP099) resulted, as anticipated, in reduced
levels of the active form of Shp2 (phosphorylated at ty-
rosine 542, Figure 4H) and in the subsequently elevated
levels of pTyr in HSC (Figure 4 I). Interestingly, inhibition of
Shp2 in Ube2g1-OE HSC, while further reducing the level
of Shp2-pY452, did not affect the level of pTyr in HSC. To
test for a direct (less than 40 nm) Ube2g1-Shp2 interac-
tion, PLA were performed. Ube2g1 interacts with Shp2 in
young and old control HSC. The average interactions per
cell did increase 2-fold in Ube2g1-OE HSC. These data
further confirmed results from our mass spectrometry
and RNA-sequencing analyses (Figure 4J-L). In summary,
the data support that elevated levels of Ube2g1 reduce
the amount of pTyr in HSC, while they also reduce levels
of Shp2 and that Ube2g1 can directly interact with Shp2.
Overall, the data thus suggest a complex relationship
between Ube2g1, Shp2 and levels of pTyr in HSC, which
might be explained by a model in which Ube2g1 serves
as a protein interaction platform to balance active forms
of proteins involved in the regulation of overall protein
phosphorylation.

Elevated levels of Ube2g1 result in attenuated T-cell
development in the thymus and increased exhaustion in
released peripheral T cells

Shp2 and protein phosphorylation are, among others, known
regulators of T-cell development, and Ube2g1-OE in HSC
strongly affected the level of mature T cells in the periphery
(Figure 1G). Ube2g1 might, therefore, affect also thymic T-cell
development (Figure 5A). T-cell development in the thymus
involves three key stages: double-negative (DN1"-DN4; CD4-
CD8"), double-positive (DP; CD4*CD8"), and single-positive
(SP; CD4* or CD8*, CD3") cells (Figure 5B). In concordance
with a general age-related increase in frequency, the per-
centage of DP thymocytes was also significantly increased
in mice transplanted with young OE HSC. The data further
suggested a partial impairment in the DP-to-SP transition
and an accelerated DN1-to-DN2 progression, with an addi-

tional potential blockage of OE cells in DN2 and DN3 (Figure
5C-E). Elevated levels of Ube2g1, therefore, likely affect
multiple transition points in thymic T-cell development.
In addition to the relative changes within the populations,
we observed a reduction in each cell type analyzed in re-
cipients of young OE HSC, along with a reduction in cell
populations in recipients transplanted with aged control
HSC (Online Supplementary Figure S7A, B). To investigate
additional changes in maturation of T cells downstream of
the thymus, we also assessed the level of exhaustion of T
cells (expression of Tim-3 and PD-1) (Figure 5F). Recipients
of Ube2g1-OE HSC exhibited an elevated frequency of CD8*
Tim-3* positive cells and a marked enrichment of Tim-3*/
PD-1* double-positive cells in spleen, similar to cells from
spleen from aged mice, which implies increased levels
of T-cell exhaustion. However, the frequency of PD-1" T
cells, although elevated in aged HSC, was not affected by
Ube2g1-0E (Figure 5G). Exhaustion in CD4* T cells mirrored
the level of exhaustion seen in CD8" splenocytes (Online
Supplementary Figure S7C). To investigate the extent of
Shp2 involvement in this T-cell deficiency, in vitro CD8 T-cell
activation/proliferation assay (activation by anti-CD3/CD28)
were performed (Online Supplementary Figure S7D). CD8*
Ube2g1-OE T cells showed a lower extent of activation in
the activation/ expansion assays when compared to control
T cells (Online Supplementary Figure S7TE-G). There were
reduced levels of active Shp2 (Shp2-pY542) in Ube2g1-0OE
T cells, accompanied by increased levels of pTyr in both
young Ube2g1-OE and old control T cells (Online Supple-
mentary Figure S7H, I). Ube2g1, therefore, affects T cells
at multiple steps along their differentiation, maturation,
activation and exhaustion trajectory. This implies a more
general role for Ube2g1 in T-cell differentiation and func-
tion, which is consistent with a role of Ube2g1 in regulating
more general patterns of phosphorylation.

Discussion

Several E2 conjugation enzymes, which mediate the transfer
of ubiquitin to substrates bound to E3 ligases which then
mark proteins for degradation, have been shown to play a
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Figure 4. Reduction in global tyrosine phosphorylation and Shp2 phosphatase possibly through direct interaction. (A) Workflow
for immunofluorescence preparation of transduced hematopoietic stem cells (HSC) from young (12-16 weeks [wks], wild-type
[WT]) and aged (>80 wks, WT) mice. (B) Representative immunofluorescence (IF) images from young and old control and young
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Ube2gl1-overexpression (OE) transduced murine HSC stained for global tyrosine phosphorylation (red), GFP (green), and DAPI (blue).
Scalebar = 5um. (C) Relative (log2 transformed) intensity of pTyr in young and old control and young Ube2g1-OE transduced mu-
rine HSC. N=8-12, biological repeats equal to an average of 126/123 and 145/158 (young control/overexpression [OE] / old control/
OE) cells per replicate. (D) Pearson Correlation Coefficient (PCC) of pTyr and Ube2g1 in young and old control and young Ube2g1-
OE transduced murine HSC (N=4-8). (E) Representative IF images from young and old control and young Ube2g1-OE transduced
murine HSC stained for Shp2 (red), GFP and DAPI. Scalebar = 5um. (F) Relative (log2 transformed) intensity of Shp2 in young and
old control and young Ube2g1-OE transduced murine HSC. N=7-8, biological repeats equal to an average of 135/157 and 174/166
(young control/OE, old control/OE) cells per replicate. (G) PCC of Shp2 and Ube2g1 in young and old control and young Ube2g1-OE
transduced murine HSC (N=3). (H) Average intensity of Shp2-pY542 in young control and Ube2g1-OE HSC either untreated or
treated with 100uM SHP099 for 15 minutes. N=246-364 cells from 4 biological repeats. (I) Average intensity of pTyr in young con-
trol and Ube2g1-OE HSC either untreated or treated with 100uM SHP099 for 15 minutes. N=245-341 cells from 4 biological repeats.
(J) Representative IF images from young and old control and young Ube2g1-OE murine HSC showing PLA signals (Shp2 and Ube2g1)
and staining for GFP (transduced cells) and DAPI (nucleus). White arrows indicate PLA interactions (dots). Scalebar = 5pm. (K)
Percentage of cells with 0, 1, 2, 3, 4 or £ 5 PLA interaction dots. N=3, biological repeats equal to an average of 203/211 and 376
(young control/OE, old control) cells per replicate. (L) PLA signal (Ube2g1-Shp2) per cell normalized to young control. N=3, bio-
logical repeats equal to an average of 203/211 and 376 (young control/OE, old control) cells per replicate. Data show individual
biological replicates with each replicate as mean + standard deviation. Data were assessed by a One sample t test against a
value of 0 for young control (C, D, F, G, L) or a non-parametric Mann-Whitney test (H, I). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

role in stem cell biology.”*"*" Ube2g1 belongs to the group
of E2 conjugation enzymes. Our data identified elevated
levels of Ube2g1 along with K48-Ub in aged murine and
human HSC. We demonstrate that increased Ube2g1 levels
in murine HSC cause segmental premature aging of the
hematopoietic system. The following hallmarks of aging
were recapitulated in animals transplanted with young
Ube2g1-OE HSC: stem cell exhaustion, immune cell dis-
balance, myeloid skewing and proteostasis loss. A reduced
aging-associated increase in Ube2g1 in aged murine HSC
attenuates myeloid skewing by affecting both myeloid and
lymphoid differentiation. There is a reduction in naive T cells
concomitant with an increase in exhausted peripheral T cells
in response to elevated levels of Ube2g1 in HSC. Elevated
levels of Ube2g1 resulted in elevated levels of exhaustion
markers like Tim-3 on peripheral T cells. Elevated levels
of Tim-3 expression/exhaustion were shown to be linked
to myelodysplastic HSC and leukemic stem cells (LSC),*8=°
which might link Ube2g1 to an enhanced clonal selection
of HSC. However, we did not observe myelodysplastic syn-
drome-related morphological or cytological changes driven
by Ube2g1-OE HSC up to 24 weeks post transplantation in
our recipients, possibly due to insufficient exposure time or
lack of additional stressors. Additionally, we found Ube2g1-
OE T cells to be less activated compared to controls upon
in vitro expansion/activation culture, with a decrease in the
level of active Shp2 (pY542) and an increase in the level of
pTyr, supporting a role for an Ube2g1-OE-Shp2-pTyr axis in
T-cell activation. Likely due to the overall low number of T
cells within the BM, premature aging was less prominent
among BM cells compared to spleen and blood. These data
also imply that lymphocytes derived from OE HSC may be
less capable of mounting an adequate immune response,
which will be an interesting hypothesis to test in future
experiments.

Surprisingly, our data suggest that the ubiquitin-conjugating
activity of Ube2g1 is probably not the central underlying
mechanisms for conferring the aging-associated pheno-

types, while transcriptome analyses identified several E3
ligases (Cbl, Trafe, Foxw7, Hectd1, Hectd?2) as up-regulated
in response to Ube2g1-0OE. Although the pulldown-data in
NIH/3T3 cells did not indicate direct protein-protein inter-
actions with any of these E3 ligases, indirect interactions
via shared degradation substrates or subsequent altered
phosphorylation signaling remain an alternative mode of
interaction. This might imply that distinct levels of Ube2g1
affect the regulation of the general ubiquitin-proteasome
system in HSC, which would be consistent with the ele-
vated levels of K48-Ub found in aged murine and human
HSC. Whether elevated levels of K48-Ub are mechanistically
linked to conferring segmental aging phenotypes remains
to be determined.

We identified a cluster of heat shock proteins, including
Hspa8, as potential Ube2g1 interactors. Notably, the level
of Hsf1, a key regulator of the heat shock response and an
important regulator of for HSC function," was also reduced
in Ube2g1-0OE HSC, implying that the proteostasis might
also be affected by Ube2g1 in HSC.

We show here both a reduction in tyrosine phosphorylation
and in total levels of Shp2 in aged and Ube2g1-OE HSC.
Shp2 is a phosphatase and thus negatively regulates tyrosine
phosphorylation residues. Dysfunctional Shp2 signaling is
known to play a role in HSC biology and T-cell develop-
ment.*%4! Furthermore, impaired tyrosine phosphorylation
strongly correlates with dysfunctional T-cell development
and T-cell receptor (TCR) signaling due to changes in MAPK/
ERK or JAK/STAT signaling pathways downstream of the
TCR.*>%3 The observed loss of tyrosine phosphorylation might
lead to disrupted initiation and propagation of TCR signal-
ing, essential for T-cell development in hematopoiesis.****
Additionally, loss of tyrosine phosphorylation inactivates
kinases like Zap70 and Lck, proven to be vital for thymic
T-cell selection.*®#” Dysregulation of such pathways in aging/
response to Ube2g1-OE might contribute to altered T-cell
maturation and the more exhausted adaptive immune
system. This would initially imply that Shp2 is likely not
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Figure 5. Elevated levels of Ube2g1 results in attenuated T-cell development in the thymus and increased exhaustion in released
peripheral T cells. (A) Experimental set-up of the competitive transplantation experiment, using sorted hematopoietic stem cells
(HSC) from young (12-16 weeks [wks], wild-type [WT]) and aged (>80 wks, AcRFP*) donor mice (CD45.2*). HSC were genetically
engineered and transplanted alongside 5 x10* CD45.1* bone marrow (BM) cells into lethally irradiated recipient mice (CD45.1*). (B)
Representative flow cytometry plots showing thymocytes gated for young and aged CD4/CD8 double negative (DN) and positive
(DP) cells. Single positive CD4 and CD8 cells were gated for CD3. DN cells (yellow box) were gated for CD3-negative and then for
CD44/CD25 to identify DN subpopulations DN1-4 (DN1; CD44*CD25-, DN2; CD44*CD25*, DN3; CD44-CD25*, DN4; CD44-CD25"). In-
dicative DN1-4 gating for young control- and overexpression (OE)-derived thymocytes are depicted. (C) Percentage of donor-de-
rived (GFP*) DN and DP cells in thymus 24 weeks post transplantation (N=11-12). (D) Percentage of donor-derived (GFP*) DN1-4
cells in the thymus 24 weeks post transplantation (N=11-12). (E) Percentage of donor-derived (GFP*) single positive peripheral
(CD3*) CD4 and CD8 cells in the thymus 24 weeks post transplantation (N=11-12). (F) Representative flow cytometry plots show-
ing splenocytes gated for young and aged CD4/8-positive T-cell exhaustion markers CD366 (Tim-3) and CD279 (PD-1). Indicative
Tim-3/PD-1 gating for young control and OE-derived splenocytes are depicted. (G) Percentage of donor-derived (GFP*) Tim-3 and/
or PD-1 exhaustion markers on CD8* T cells in the spleen 24 weeks post transplantation (N=11-12). Data show individual biological
replicates from 2 independent experiment repeats as mean * standard deviation (SD). Data were assessed by One-Way ANOVA

or Kruskal-Wallis test depending on normality (C-E, G). *P<0.05, **P<0.01, ****P<0.0001.

directly linked to the changes in phosphorylation observed.
On the other hand, we observed increased levels of active
Shp2 (pY542), which is then consistent with a lower overall
tyrosine phosphorylation in HSC.

Our proteomic data further identified Shp2 as a potential
direct Ube2g1 interactor, which is supported by co-localiza-
tion and interactions below 40 nm in HSC, linking Ube2g1 to
the regulation of tyrosine phosphorylation. While inhibition
of Shp2 activity resulted, as expected, in increased levels
of phosphorylated proteins in young HSC, it did not affect
pTyr levels in Ube2g1-OE HSC. Possibly, Ube2g1 can act as a
signaling platform that balances Shp2 signaling and by this
means contribute to the level of protein phosphorylation.
In such a model, the proper propagation of the signal of
Shp2 is impaired if Ube2g1 is disturbed. As we also report
a direct interaction of Ube2g1 with Creb3 and Uba52 in
HSC, Ube2g1 might form a broader mechanistic/physical
protein platform, a hypothesis that will need to be tested
in future experiments.

In summary, our findings identify Ube2g1 as a regulator of
age-associated changes in HSC biology, particularly affect-
ing T-cell development and exhaustion, but also myeloid
differentiation driven by HSC. This likely occurs via mech-
anisms that involve phosphorylation driven mechanisms,
Shp2-mediated pathways, proteostasis and ubiquitin sig-
naling pathways.
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