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Loss of protein functionis a driving force of ageing. We have identified
peptidyl-prolylisomerase A (PPIA or cyclophilin A) as adominant chaperone
in haematopoietic stem and progenitor cells. Depletion of PPIA accelerates
stem cell ageing. We found that proteins with intrinsically disordered
regions (IDRs) are frequent PPIA substrates. IDRs facilitate interactions

with other proteins or nucleic acids and can trigger liquid-liquid phase
separation. Over 20% of PPIA substrates are involved in the formation of
supramolecular membrane-less organelles. PPIA affects regulators of stress
granules (PABPC1), P-bodies (DDX6) and nucleoli (NPM1) to promote phase
separation and increase cellular stress resistance. Haematopoietic stem cell
ageingis associated with a post-transcriptional decrease in PPIA expression
andreduced translation of IDR-rich proteins. Here we link the chaperone
PPIA to the synthesis of intrinsically disordered proteins, which indicates that
impaired protein interaction networks and macromolecular condensation
may be potential determinants of haematopoietic stem cell ageing.

Haematopoiesisisadynamicregenerative process. Haematopoieticstem  longevity and the absence of frequent cell division to dispose of protein
cells (HSCs) giverise torapidly dividing progenitor cellsthatspawnhun-  aggregates, maintaining protein homeostasis (proteostasis) is critical
dreds of billions of cells daily". In contrast to progenitor cells, stemcells  to HSC biology. As the proteostasis capacity of cells declines with age?,
are long-lived and highly durable, with alow mitoticindex. Given their  proteinaggregatesaccumulate. Yet, maintenance of abalanced proteome
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is essential for stem cell function®~. Proteostasis requires precise control
of protein translation, folding, transport and degradation. Molecular
chaperonesarekey actorsinthis network, facilitating the folding of newly
translated polypeptides and preserving the functional conformation of
pre-existing proteins. Chaperone functionto maintain proteomeintegrity
is of particular importance in long-lived stem cells, allowing these cells
toretain their regenerative potential and avert the effects of ageing®.

Protein misfolding is a driving force of ageing’. Mammalian cells
express several hundred chaperones and co-chaperones to reduce
protein misfolding®. Among them are four different families of prolyl
isomerases, which facilitate conversion between trans- and cis-isomers
of proline. Cyclophilins, the most abundant type of prolylisomerases,
have been implicated in the ageing process. For example, a recent
heterochronic parabiosis study demonstrated that cyclophilin A
(peptidyl-prolylisomerase A, PPIA) is the single most upregulated gene
across tissues in young animals exposed to old blood, indicating that
this chaperoneis sensitive to ageing’. Although young tissues increased
PPIAlevelsinresponse to blood from older mice, proteomic evidence
indicated that PPIA levels decline with age'. In addition, despite the
high expression of PPIA, protein aggregates in neurodegenerative
diseases can functionally sequester the available pool of this chaper-
one'. Despite growing evidence of its role in ageing, how PPIA affects
the cellular proteome has not previously been studied.

Therecentrealization that many functional proteins lack a defined
structure has revolutionized our understanding of the protein struc-
ture-function relationship™. Intrinsically disordered proteins interact
withproteins, nucleicacids or other molecules through conformational
selection or induced fit”’. Hence, proteins rich in intrinsically disor-
dered regions (IDRs) regulate many cellular processes by promoting
specific activities between molecules or allowing the formation of
network hubs through scaffolding. The lack of structural order does not
imply that these proteins are transientintermediates during evolution.
Quite the opposite, genes encoding intrinsically disordered proteins
are targets of positive selection', However, little is known about the
translation of IDR-rich proteins. Specifically, whether they require
dedicated chaperone support has not yetbeenexamined. Our research
on chaperones within the haematopoietic system indicates that PPIA
is a master regulator governing the synthesis of disordered proteins.
Furthermore, genetic depletion of PPIA—or natural ageing—results
in a stem and progenitor cell proteome distinctively lacking IDR-rich
proteins, which is not reflected at the messenger RNA (mRNA) level.
Theseresults demonstrate that reduced structural proteome diversity
isboth a consequence of and a driver of the ageing process.

Results

Loss of PPIA causes an ageing-like haematopoietic phenotype
Toidentify the most prevalent chaperonesin the haematopoieticcom-
partment, we analysed the proteome of mouse haematopoietic stemand

progenitor cells (HSPCs) through semi-quantitative two-dimensional
(2D) gel electrophoresis and mass spectrometry (MS) (Fig. 1a and
Extended DataFig. 1a). Strikingly, PPIA accounted for up to 14% of dis-
cernible protein peaks withinthe cytosolic proteome, making it one of
the mostabundant chaperonesin HSPCs (Fig.1a,b and Supplementary
Datal).Inaddition, PPIA was the most highly expressed chaperone at the
transcriptlevel, accounting for over 0.5% of allmRNAs (Fig. 1b and Sup-
plementary Data2). These findings are supported by arecent study that
examined the proteomic composition across diverse haematopoietic
compartments and also detected a pronounced expression of PPIA pro-
teinin HSPCs (Extended Data Fig. 1b)™. Prolylisomerases are conserved
enzymesthatare grouped into four classes. Cyclophilins comprise one
class, with17 members in humans” (Extended Data Fig. 1c). Cyclophilins
catalyse the isomerization of proline, the only proteinogenic amino
acid that exists in abundance in both trans and cis configurations'. It
has been shown previously in PPIA knockout (Ppia™") mice® that this
geneisnon-essential, and the animals showed no apparent phenotype
under homeostatic conditions in the C57BL/6 background®.

Toassess therole of PPIA in haematopoiesis, we compared knock-
outand heterozygous animalsinaseries of functional assays following
bone marrow (BM) transplants. In these assays, heterozygous animals
wereindistinguishable from wild types. We competitively transplanted
CD45.2" total nucleated BM cells from Ppia™ or Ppia*”~ mice together
withequal numbers of CD45.1" wild-type support BM cells into lethally
irradiated CD45.1" recipient animals (Fig. 1c). Six months after trans-
plantation, when the BM was fully repopulated by long-lived donor
HSCs, we observed a statistically significant decrease of Ppia”™ B lym-
phocytes in the blood of recipient animals. In contrast, myeloid cells
wereincreased inrecipients of knockout cells (Fig.1d). Changesin BM
progenitor cells drove this myeloid skewing in the peripheral blood
(PB), as we observed an increase in common myeloid Ppia™ progenitor
cellsatthe expense of lymphoid progenitor cells (Fig. 1e). We also found
higher relative and absolute numbers of HSPCs and myeloid-biased
CD150Me"HSCs* in recipients of Ppia”” BM (Fig. 1f).

To functionally define stem cell activity, we performed limiting
dilution transplantation experiments with Ppia” and Ppia*’ BM cells.
The results were comparable between these groups, indicating that
higher numbers of immunophenotypic stem cells in the knockout
BM did not correlate with increased stem cell activity (Extended Data
Fig.1d). Next, we tested the self-renewing ability of HSCs by measuring
the repopulation of BM following serial transplantations of Ppia” or
Ppia*’~ donor cells (Fig. 1g). Unlike wild-type or heterozygous BM cells,
Ppia™ cellsshowed declining engraftment after the first round of trans-
plantationand displayed exhaustioninlong-term repopulation assays
(Fig. 1h). Taken together, these functional transplant assays revealed
cell-intrinsic defects leading to myeloid skewing, animmunophenotypic
butnot functionalincreasein stem cells, and impaired self-renewal with
accelerated exhaustionin Ppia”’” HSCs. These three characteristics are

Fig.1| PPIA deficiency induces an ageing-like haematopoietic phenotype.

a, Left: HSPC lysate labelled with amine-reactive dye and separated ona2D
electrophoresis gel. Right: quantitative representation. Outlines indicate
acetylated and non-acetylated PPIA. Dominant ontologies within each peak are
depicted (representative of two independent experiments). b, Left: RNA-seq
reads in the mouse HSPC transcriptome. PPIA is the sixth most highly expressed
gene and the most highly transcribed chaperone in young HSPCs. Right: MS-
based protein levels in the mouse HSPC proteome. PPIA is the second most highly
expressed chaperone proteinin the total proteome of young HSPCs. The results
arerepresentative of two independent biological replicates. ¢, Experimental
workflow of competitive BM transplantation. d, Six months after BM
transplantation, flow cytometry reveals that PPIA knockout (Ppia™") BM donor
cells undergo a myeloid shift in the PB compared to animals receiving Ppia*’” BM.
Total blood reconstitution was measured as a ratio of CD45.2* to CD45.1" cells
(n=10 mice per group at transplant initiation; data are representative of two
independent experiments). e, Seven months after transplantation, BM flow

cytometry shows that mice transplanted with Ppia” donor cells have increased
common myeloid progenitors (CMPs) and decreased common lymphoid
progenitors (CLPs) compared to recipients of Ppia”~ BM (n =10 per group at
initiation). f, Flow cytometry analysis comparing the ratios of HSPCs (LKS;
lineage/c-Kit"/Scal® cells) and CD150"¢" (lineage /c-Kit*/Scal’/CD347/CD1357/
CD150"e") HSCs following transplantation of Ppia™ or Ppia*~ donor cells (n =10
per group atinitiation). g, Experimental workflow of competitive serial BM
transplantation. h, Flow cytometry shows that Ppia” donor-derived progenitor
cells exhaust in serial transplantations. Depicted is the proportion of donor-
derived (CD45.2") cellsamong PB cells two, four and twelve months after the
first transplantation (n =5 mice per group in the first round, n = 8 mice per group
inthe second and third rounds; data are representative of two independent
experiments). For d-fand h, data are means £ s.d.; *P < 0.05,**P< 0.01and

***P < 0.001; two-sided Wilcoxon rank-sum test. FPKM, fragments per kilobase
of transcript per million mapped reads; iFOT, intensity-based fraction of total;
NS, not significant.
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hallmarks of haematopoietic ageing® >, suggesting that the absence of
PPIAresembles premature ageing at the stem-cell level.

To substantiate the causal relationship between PPIA and the age-
ing phenotype, we subsequently performed rescue experiments. Hae-
matopoietic stem and progenitor cells (lin"/Scal*/c-Kit"), 18 months in
age, were transduced with either a Ppia vector or a control mock vector
(Fig.2a). The overexpression of Ppiainduced a significant enhancement
inhaematopoietic reconstitution (Fig. 2b,c). The observed improvement
inhaematopoiesis was not associated with amyeloid bias (Fig. 2d). The
enhancement was sustained over a duration of six months, suggesting
animprovementin the long-term function of haematopoietic stemcells.

PPIA substrates are enriched for IDRs

PPIAisahighly and ubiquitously expressed prolylisomerase that inter-
actswithawide range of proteins®*?. PPIA isomerizes proline residues
of the nascent polypeptide chain. Several in vitro refolding studies
have demonstrated that cis/transisomerization of prolylbonds canbe
rate-limiting during translation”®*'. To gaininsight into the molecular
changes caused by its depletion, we aimed to identify the substrate
proteins of PPIA. We accounted for non-specificinteractions and distin-
guished PPIA-selective substrate proteins using a previously identified
PPIA G104A mutant®, which is functionally impaired. We tested several
mutations and found that inactivation of the catalytic core yielded

a b 10,000 4 10,000 ~
Ppia
Glycolysis 2
S yooly 3 1000 |
- — Cytoskeleton Oxidation/ % 100 4 .
. ducti
g 62 W eoue '°{L % 100
£ 49 4 . = Acid/base ™ o
.% G homef)stasis %— 1] 10
3 38 » <
8 - a 14
3 - a
Q _
s Vv - B 0.01 - P
= - ® 4 Molecular . mRNA (FPKM) Protein (iFOT)
weight e
e ssiaio point
ot " d 100 + 2 : it~
Ppia”~ Total nucleated Transplantation NS : * : * ® Ppia
BM cells S : _ : _ L
R wl ® | (P=0.04) | (P=0.010) o ppig
w_% AT
- o 4 [ ] i H
CD45.2" Lethally irradiated - pas 60 % ® -
donors CD45.1" recipients ——> + K] L] : :
(2.5 months) (6.5 months) > 5 404 e i E
» months Q2 : H
g = e -
P PB +BM = : :
L .f ® analysis 8 204 : i
A §
»’;.7’7 Y
Ppia ‘
Total PB B220 Macl
Competitor WT
BM cells (CD45.1")
e f _x
15 —* 006+  __* o Ppia‘" __ 05+ L 020 (P= 0.011). o Ppia*-
* (P=0.024) (P=0.019) 2 (P=0.0007)
5 ° ® Ppial" 2 o4 ® Ppia™l"
= = 04 - ° i °
8 1.0 1 0.04 4 8 [ ] o
2 ’ 2 03
2 2 ° 010
8 S 02 ®e°
5 054 0.02 1 g
2 2 [ ] 0.05 4
=] s 014
5 S
o hd o °
(0] 0 "
CMP LKS cells HSC CD150"
g h
Poia Primary hukd
pia transplantation (P=0.0013)
iy T ;g
> . *k
—
) 2 monthsl . (P=0.0047)
D B 4 ; ® Ppia™"
cD4s.2" FPpia Lethally irradiated PB Harvest __ 1004 ol 800
donors WBM cells ‘ CD45.1" recipients analysis BM S o o Ppia
(5 months) (4 months) m 804 H
a 3
Competitor WT BM o 2
cells (CD45.1") oa® 2 5 axS g o
v : | :
l 5 40 o ®
2 : °
s : B
? » % 20 :
4.8 % Repeat AR #
I > workflow o :f'CD45 1"’ - © o4 e : L4 %
-« - -« 5 ¥
7 months 2 months - T T T T T T
Final PB Tertiary Harvest PB Secondary Tst 2nd 8rd Tst 2nd 8rd
analysis transplantation BM analysis transplantation Transplant

Nature Cell Biology | Volume 26 | April 2024 | 593-603

595


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-024-01387-x

Ppia
l Transplantation
N v [ ]
A — |
] HSPC %
CD45.2" s Lethally irradiated PB
donor T ‘ CD45.1" recipients analysis
(18 months) (4 months)
Competitor
' WT BM cells
5 (CD45.1") %o
Negative control
Months
post-BMT
c PPIA Negative control
r L 1
25
PPIA
-.-- SR B e e | (18 kDa)
- — — S GAPDH
o
354—-—-—-—— (37 kDa)
15 4 *% ® PPIA
(P=0.0024) 4 Negative control
Rel °
@
=
9]
1S
] :.
2 0.5 °
9]
a

o+

Fig.2|PPIA overexpressionimproves transplantation outcomes of

aged BM. a, Experimental workflow. PB chimerism after up to six months of
observation following transplantation of aged (18-month-old) lineage /c-Kit"/
Scal* BM cells transduced with Ppia expressing lentivirus or negative control
(reverse complement). b, Overexpression of PPIA improves haematopoietic
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reconstitution of aged CD45.2" BM two, four and six months after transplantation
(dataare means + s.d.; transplant initiated with n = 5mice per group). ¢, PPIA
levels in the PB are elevated in animals receiving Ppia-transduced BM (data are
means *s.d.).d, PPIA overexpressing blood shows no signs of myeloid bias in the
CD45.2" lineage (*P < 0.05, **P < 0.01; two-sided Wilcoxon rank-sum test).

insoluble PPIA, while the G104A mutation, which moderately reduces
substrate access to the catalytic core through an obstructing methyl
group (Fig.3a), allowed for normal expression levels and intracellular
distribution (Fig. 3b). Therefore, proteinsinteracting preferably with
the wild-type PPIA over the PPIA G104A mutant are probably direct sub-
strates of this chaperone. Differential co-immunoprecipitationbetween
the wild-type PPIA and the mutant PPIA revealed -400 substrates of the
wild-type enzyme (Fig. 3a,c, Extended Data Fig. 2a,b and Supplementary
Data 3), including 49 transcriptional regulators (Extended Data Fig. 2c).
Because we performed the co-immunoprecipitationin the cytosolic cell
fraction, these results suggest that PPIA interacts withits DNA-binding
substrates during translation and before nuclear translocation (Fig. 3c).

Inadditionto DNA-binding proteins, the most prevalent group of
PPIAsubstratesincluded RNA-associated proteinsinvolvedinribosome
assembly, translation and splicing (Fig. 3d). When compared to the
global proteome, immunoprecipitated PPIA substrates feature higher
levels of IDRs, which represent unstructured protein regions display-
ing asequence-driven preference for conformational heterogeneity™
(Fig. 3e). Prolyl isomerases such as PPIA catalyse the reversible trans-
and cis-conversions of peptide bondsin proline residues, which canbe
over-represented within IDRs**.

PPIA promotes expression of its substrates

In line with PPIA’s proposed activity as a co-translational chaperone®
and given that prolineisomerizationis slow and often rate-limiting dur-
ingtranslation, we expected PPIA expression to directly affect de novo
protein translation of its substrates. We determined the synthesis of

proteins using pulsed stable-isotope labelling in cell culture (SILAC)
inHelLa and 293T cells with either normal or reduced levels of PPIA
(Fig.4aand Extended DataFig. 2d). We found that loss of PPIA reduced
expression, specifically of PPIA substrates, in both cell types (Fig. 4b and
Supplementary Data 4). Overall, the synthesis levels of PPIA-targeted
proteins were lower than for other proteins, and these reduced further
when PPIAwas depleted (Fig. 4c). These results demonstrate that PPIA
supports de novo translation of its target proteins, consistent with
previous reports that IDR-rich proteins have alower translation rate*>°
(Extended Data Fig. 2e).

To confirmthat PPIA also promotes protein translation within the
haematopoietic system, and to delineate amore acute kinetic timeline
of this process, we employed staining techniques using a fluorescent
aminoacyl-tRNA analogue on highly purified BM stem cells. Notably,
overaspanof2 h, wediscerned asignificantly decreased rate of de novo
translation in stem cells that had been treated with the potent PPIA
inhibitor TMN355 (Extended Data Fig. 3a)”.

Within PPIA substrate proteins, the dominant ontologies we found
were translation and mRNA splicing, and we discovered that more
than 20% of PPIA substrates are known to engage in protein phase
separation®®*? (Fig. 4d). For example, liquid-liquid phase separa-
tionallows the intracellular compartmentalization of ribonucleopro-
tein (RNP) assemblies through changes in solubility and subsequent
formation of membrane-less organelles®**. Prominent examples of
phase-separating proteins that we found to bind more robustly to
wild-type than to mutant PPIA include the mRNA regulator poly(A)
binding protein cytoplasmic 1 (PABPC1), found in stress granules and
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Fig.3|PPIA interacts withintrinsically disordered proteins. a, 3D models
ofthe wild-type (WT) PPIA structure and the G104A mutant PPIA, which
hasrestricted access to the catalytic core'”*”, Dashed white lines outline the
PPIA catalytic core. The arrow indicates the additional A104 methyl group in
the mutant (light blue spheres). The PPIA structure was sourced from X-ray
crystallography data deposited at the Protein Data Bank (7ABT)". b, Expression
pattern of WT and mutant PPIA proteins. 293T cells were transiently transfected
with WT PPIA-GFP, PPIA (G104A)-GFP mutant or PPIA (H92Y)-GFP catalytic core
mutant. At 24 h post transfection, the expression pattern of the WT and PPIA
mutant proteins was assessed with a Zeiss Celldiscoverer 7 imaging system,
using a GFP filter (bottom) or bright field (top). Scale bars, 20 pum. Data are
representative of three independent experiments. ¢, Left: Immunoprecipitation
and SYPRO Ruby gel stain of triple FLAG-tagged wild-type (3XF-WT PPIA) and

G104A point-mutant PPIA (3XF-Mutant PPIA) were performed in293T cells to
identify PPIA-interacting proteins. The grey arrow indicates positive enrichment
for PPIA proteinin the pull-down fractions. Right: purity of the cytosolic cell
lysates was verified by alack of histone H3 protein expression in this subcellular
fraction. Data are representative of three independent experiments. d, Gene
Ontology enrichment analysis of 3XF-WT PPIA versus 3XF-Mutant PPIA
immunoprecipitation-MS results. Data represent 385 consistently identified
proteins in 293T cells (overlapping MS results from two separate experiments are
depicted). e, Quantification of the fraction of IDRs in the total proteome versus
3XF-WT PPIA-interacting proteins. **P < 0.01; two-sided Wilcoxon rank-sum test
(violin plot lines indicate quartiles; n = 385 PPIA target proteins). GFP, green
fluorescent protein.

P-bodies, the P-body regulator DEAD-box helicase DDX6, the nucleolar
oligomeric protein nucleophosmin 1 (NPM1), which is integral to lig-
uid-liquid phase separation of the nucleolus, and the stress granule
initiator G3BP1. We validated our proteomics data by confirming the
interaction of endogenous PPIA with its phase-separating substrates
by IP-western blot (Fig. 4e,f) and demonstrated that protein expres-
sion of IDR-rich PPIA substrates is reduced in human epithelial and
haematopoietic celllines, as well asin mouse HSPCs that are deficient
for PPIA (Fig. 4g and Extended Data Fig. 3b,c).

To determine whether the observed changes in PPIA substrate
proteins are driven at the transcriptional level, we performed RNA
sequencing in Ppia heterozygous (serving as wild-type control) and
knockout mice (Extended Data Fig. 3d). Our analysis revealed three
crucial findings. First, the absence of PPIA does notinduce acompen-
satory upregulation of other chaperones or the ubiquitin-proteasome
system, whichisresponsible for the degradation of misfolded proteins.
Instead, we observed robust upregulation of genesinvolvedin cytoplas-
mic translation. This result functionally links PPIA more closely with
protein synthesis, as opposed to protein removal pathways. Second,
HSPCs from Ppia knockout mice exhibit amolecular signature akinto

that of ageing BM stem cells and show upregulation of the key haema-
topoietic ageing marker P-selectin (Extended Data Fig. 3e)****. This
suggests that the absence of PPIA triggers cell-autonomous ageing
processes, corroborating the ageing-like phenotype we detected in
our preceding transplantation studies (Fig.1). Third, in PPIA-deficient
HSPCs, we detected atranscriptional upregulation of PPIA substrates,
suggesting a potential compensatory response (Extended Data Fig. 3f).
Such upregulation may serve to mitigate the effect of impaired trans-
lation in cells deficient in PPIA. Supporting a role of PPIA in protein
synthesis, as opposed to refolding or removal, we found no indication
of heightened protein aggregation in PPIA knockdown cells under
homeostatic conditions (Extended Data Fig. 3g).

PPIA affects liquid-liquid phase separation of its substrates

IDRs within proteins can initiate liquid-liquid phase separation and
trigger the formation of membrane-less organelles**™*%, For example,
the RNA-binding protein PABPC1 engages in phase separation involv-
ing its unstructured proline-rich linker region, whichis critical for
the formation of RNA stress granules®. Following PPIA knockdown,
expression of PABPC1 protein was reduced by 20-30% by westernblot,
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suggesting the chaperonesstabilizes PABPC1 (Fig. 4g). We biochemically
confirmed that PABPCl is a substrate of PPIA (Fig. 4e,f and Extended
DataFig. 2b,c) and that PABPC1 protein expression is reduced follow-
ing genetic depletion of PPIA in haematopoietic cell lines and primary
HSPCs (Extended Data Fig. 3b,c). In response to diverse stresses or
unfavourable growth conditions, PABPC1 undergoes phase transition
and participatesin stress granule formation to sequester cytoplasmic
RNA andribosomes (Supplementary Video 1). This allows cells to tem-
porarily reduce protein translation®”*, Treating cells with the oxidative
stressor sodiumarsenite is a well-established experimental approach
tostudy the formation of stress granules. To determine whether proline
isomerization affects the phase separation of PABPC1, we genetically
modulated PPIA activity and assessed the dynamics of stress-granule
formation. Upon stress induction with sodium arsenite, we observed
significantly reduced stress granule formation in the absence of prolyl
isomerase activity (Fig. 5a and Supplementary Videos 2 and 3), and cells
devoid of PPIA were more susceptible to cell death following arsenite
treatment. In addition, reintroduction of the chaperone partially res-
cued stress granule formation in PPIA knockdown cells. Similar to our
findings with PABPC1, we discovered that cells lacking PPIA displayed
reduced formation of P-bodies, as evidenced by diminished DDX6
staining (Fig. 5b). Furthermore, we determined that PPIA-deficient
cellsexhibited smaller and more fragmented nucleoli, asindicated by
the nuclear distribution of NPM1 (Fig. 5c). The combined dataindicate
thatreduced PPIA activity significantly influences liquid-liquid phase
separation in all three examined instances and lowers the ability of
cells to form condensates containing these PPIA substrate proteins.

Although visualizing cytoplasmic protein condensatesin primary
haematopoietic stem cells posed challenges due to the limited extra-
nuclear space in these cells, we successfully confirmed interactions
between PPIA and PABPC1, DDX6 and NPM1 using proximity ligation
assays (PLAs) on highly purified stem cells (Fig. 5d).

Collectively, these findings support the notion that PPIA regulates
the folding of its substrates by controlling proline isomerization as
early as during translation. Our data suggest that PPIA plays a crucial
rolein maintaining appropriate translation levels of its substrates. Even
whenthese substrates are transcriptionally upregulated, PPIA remains
necessary for their full functionality.

PPIA and IDR-rich proteins decline with age

We next addressed how our finding that PPIA regulates the function
ofintrinsically disordered polypeptides relates to the haematopoietic
phenotype, which resembles ageing, as observedin the transplantation
of Ppia” BM cells. A previous quantitative proteomic analysis of human
dermalfibroblasts showed that PPIA is significantly reduced with age™.
In the haematopoietic compartment, we found a substantial reduc-
tion of PPIA proteinin HSCs from old mice compared to younger cells

(Fig. 6a). Thenotable decrease in PPIA protein levels inaged HSCs has
recently been corroborated by anindependent study (Extended Data
Fig.4a)". Importantly, Ppia transcripts were not altered in HSPCs of dif-
ferentagesin our RNA-seqdata (Supplementary Data2). Based onour
earlier findings, we would expect reduced PPIA activity toresultinlower
expression of IDR-rich proteins. Indeed, using two distinct tandem
mass spectrometry (MS/MS) methods to quantitatively compare the
proteome of young and old mice, we observed areduction of IDR-rich
proteinsin HSPCs during ageing, whichis not apparent at the transcrip-
tome level (Fig. 6b, Extended Data Fig. 4b,c and Supplementary Data
1,2, 5and 6). Consistently, PPIA-depleted haematopoietic stem and
progenitor cells also demonstrated asignificantly diminished level of
intrinsic disorder within their proteome, similar to the structural tran-
sition that we observed during natural ageing (Fig. 6¢, Extended Data
Fig. 4d,e and Supplementary Data 5and 7). To validate these findings
orthogonally, we applied unbiased hierarchical clustering to classify
proteome changesin haematopoietic cells expressing PPIA compared
to PPIA-deficient cells. The results of this analysis revealed that proteins
richinIDRs are more sensitive to the expression of PPIA than proteins
with lower IDR levels (Extended Data Fig. 5a-c). In summary, we show
that PPIA levels decline with age in haematopoietic cells. This change
isaccompanied by aremarkable deficiency in IDR-rich proteins.

Discussion

Long-lived cells, such as HSCs, are particularly vulnerable to the accu-
mulation of misfolded proteins and subsequent proteotoxic stress®.
This risk is further exacerbated by the low division rate observed in
HSCs, a process that could otherwise facilitate the dilution of protein
aggregates. Additionally, the inherently low proteasome activity in
these cells also contributes to a heightened proteostatic susceptibil-
ity>>. Thus, ensuring protein integrity is a critical determinant of stem
cell function. In this study we have characterized the protein content
of mouse haematopoietic stem and progenitor cells and discovered
that PPIA is a prevalent chaperone that ensures structural proteome
diversity in these cells. Considering the high expression of PPIA, it
is tempting to compare its function with another highly abundant
prolylisomerase: in prokaryotes, trigger factor is a well-documented
and extensively studied example of aribosome-associated chaperone
that facilitates the folding of nascent polypeptides®. Multiple lines of
evidence suggest that PPIA also acts as achaperonein the early stages
of protein homeostasis. First, prolylisomerizationis arate-limiting step
during translation, and previous studies have implicated an involve-
ment of PPIA in protein synthesis'®. Second, PPIA displays close spa-
tial association with functional ribosomes®. Third, PPIA can facilitate
the expression of substrate proteins®. Fourth, PPIA-deficient cells
do not exhibit enhanced protein aggregation under homeostatic
conditions (Extended Data Fig. 3g). Instead, we observed reduced

Fig. 4| PPIA activity promotes expression of proteins enriched for IDRs.

a, Schematic of the pulsed SILAC experiment to evaluate protein synthesis.
Pulse treatment for 24 h allowed for metabolic labelling of newly translated
proteins. Protein synthesis was determined by the heavy to unlabelled ratio
quantified by MS, as described in refs. 35,64. Two independent experiments were
performed. b, Pulsed SILAC was performed and protein extracts from control

or PPIA knockdown (Kd) cell lines were analysed to measure newly synthetized
proteins. The heatmap represents the relative degree of protein synthesis
(n=345 overlapping proteins compared between the different cell types).

¢, Uptake of heavy amino acids by control or PPIA Kd 293T cells was quantified
following a pulsed SILAC experiment. A value of 0.5 indicates the equal presence
of light and heavy labelled peptides. *P < 0.05, **P < 0.01 and ***P < 0.0001;
two-sided Wilcoxon rank-sum test (comparing 160 PPIA target proteins to

1,280 non-targets; similar findings were observed for HeLa cells). d, List of PPIA
client proteins involved in protein phase separation based on PhaSepDB2.0.
Proteins are listed by their official gene name. Nuclear bodies include nucleoli,
Cajal bodies, nuclear speckles, paraspeckles, promyelocytic leukemia

(PML) nuclear bodies and histone locus bodies. e, Inmunoprecipitation of
endogenous PPIA protein in HeLa cells followed by a western blot to detect

the PPIA protein partners (poly(A)-binding protein 1 (PABPC1), DEAD-box
helicase 6 (DDX6), Ras GTPase-activating protein-binding protein 1(G3BP1)

and nucleophosmin 1(NPM1)). Data are representative of two independent
experiments, confirmed by unbiased MS. f, PPIA activity is required for substrate
binding. PPIA wild type, but not the G104A mutant, binds to PABPC1, DDX6 and
NPMLin IP-western experiments in HeLa cells. Data are representative of two
independent experiments, confirmed by unbiased MS. g, Reduced expression of
PPIA substrates following knockdown of the chaperone. HeLa cells were stably
transduced with negative control or PPIA knockdown construct Kd1. Shown are
representative immunoblots of n = 3 independent biological replicates. Right:
apairwise comparison shows significant reduction of PABPC1, DDX6 and NPM1
in PPIAknockdown cells by densitometry. GAPDH expression was used as a
reference. Dataare means + s.d.; *P < 0.05, **P < 0.01; two-sided paired Student’s
t-test. DMEM, Dulbecco’s modified Eagle medium.
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protein translation following PPIA depletion or inhibition (Fig. 4b,c
and Extended Data Fig. 3a). Finally, reduced levels of PPIA decrease
the expression of its substrate proteins, despite partial transcriptional
compensation (Fig. 4c¢,g and Extended Data Fig. 3b,c,f).

In an effort to define the substrate selectivity of PPIA, we found
that proteins enriched in IDRs are frequent targets of the chaperone.
IDRs have been implicated in diverse cellular functions, including
the phenomenon of liquid-liquid phase separation, which requires
protein-protein or protein—nucleic acid interactions to allow the
formation of membrane-less organelles. Our data suggest that PPIA
engages with its substrates early during translation, presumably to

Scramble cells

cis-isomerize prolines within IDRs. Over 20% of PPIA substrate proteins
participate in liquid-liquid phase separation, and we have found evi-
dence for impaired protein condensation in the absence of the chap-
erone. For example, PPIA might influence the structures of PABPC1,
DDX6 and NPML1. Without the chaperone, their ability to undergo
phase transition diminishes. Given the number of key regulators of
phase separation among PPIA substrates, our findings indicate that
proline isomerization might more generally impact the formation of
membrane-less organelles®**°, Proline residues play a key role during
phase transition of prion-like and unstructured proteins, and can
regulate protein solubility and amyloid formationinanisomer-specific
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Fig. 5| PPIAregulates protein phase separation of its substrates. a, Stress-
granule formation was visualized and quantified with G3BP1 staining after

stress induction withsodium arsenite in HeLa control or PPIA Kd cells. DAPI,

blue; G3BP1, green. Scale bars, 50 pm. PPIA knockdown was partially rescued

by the reintroduction of knockdown-resistant PPIA. Cell viability was measured
onanautomated cell counter with acridine orange/propidiumiodide staining
solution using n = 6 independently treated replicates per group. Dataare

means *s.d.; *P<0.01, ***P < 0.0001; two-sided Wilcoxon rank-sum test; n = 616
(control), n= 656 (control + PPIA), n =254 (PPIAknockdown) and n =293 (PPIA
knockdown + PPIA) cells were analysed following blinding. Data are representative
of three independent experiments. b, Staining for DDX6 revealed significantly fewer
P-bodies in HeLa cells following PPIA knockdown. Scale bars, 20 pm. The arrowhead
indicates arepresentative P-body. ****P < 0.0001; two-sided Wilcoxon rank-sum
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test; n =457 (control) and n =284 (PPIA knockdown) cells were analysed following
blinding. Data are representative of three independent experiments. ¢, OCI-AML3
cellsthat express astable, gene-edited NPM1-mCherry fusion, exhibited smaller,
more fragmented nucleoli following PPIA knockdown. Cell designation was blinded
for the analyst. Scale bars, 20 pm. ***P < 0.001, ***P< 0.0001; two-sided Wilcoxon
rank-sumtest; n = 564 (control) and n = 617 (PPIA knockdown) cells were analysed
following blinding. Data are representative of three independent experiments.

d, PLAs in primary haematopoietic stem cells (lin"/c-Kit*/Scal’/CD34/CD135")
between PPIA and PABPC1, DDX6 and NPML. Shown is the signal quantification
using single-antibody staining as a control. Scale bar, 5 pm. ***P < 0.0001; two-sided
Wilcoxon rank-sum test. Cells were analysed following blinding. Box plots indicate
minima, maxima and quartiles; n =20 randomly chosen cells per group. Dataare
representative of two independent experiments.
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fashion®°°. How proline residues within IDRs, which, by definition, do
not undergo a proper folding process, affect the overall structure and
activity of proteins, remains anintriguing subject of further research®.
We cannot conclusively determine whether the reduced formation of
stress granules, P-bodies or irregular nucleoli in PPIA-depleted cells
is due to a decreased quantity of PPIA substrates or their structural
changes. Liquid-liquid phase separationisinherently influenced by the
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concentration of the interacting components®, butitis also modulated
by their structural characteristics. A recent study underscored the role
of PPIAinthe condensation of proteinsimplicated in neurodegenera-
tive conditions®?. Our findings, along with those of others, indicate that
neitherinhibition nor depletion of PPIAinvivoinstantaneously impacts
the formation of stress granules®’. PPIA inhibitors required more than
12 hoftreatment before reduced stress granule formation was evident.
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Fig. 6 | PPIA levels decline with age and contribute to IDR protein deficiency
inHSPCs. a, PLA to quantify PPIA protein levels inmouse HSCs shows decreased
PPIA expressionin 23-month-old HSCs when compared to 5-month-old cells.
DAPI, blue; PPIA, red. Scale bars, 5 pm. ***P < 0.0001; two-sided Wilcoxon rank-
sumtest; n =70 (young) and n =101 (old) cells were analysed following blinding.
Data are representative of two independent experiments. b, Quantification of
IDR content in the mouse HSPC proteome by tandem-mass-tag (TMT) MS/MS and
inthe transcriptome (RNA-seq). Shown are the top quartiles of proteins/genes
upregulated inyoung or old cells. NS, not significant; ****P < 0.0001; determined
by two-sided Wilcoxon rank-sum test. Displayed are cumulative results from
three independent experiments, with each experiment individually showing
consistent outcomes. n =726 proteins and n =479 transcripts were analysed.

¢, Quantification of IDR content in the mouse HSPC proteome (TMT MS/MS)

and transcriptome (RNA-seq). Shown are the top quartiles of proteins/genes
upregulated in Ppia*~ or Ppia™ cells.***P < 0.0001; two-sided Wilcoxon rank-sum
test. Displayed are cumulative results from three independent experiments, with
each experiment individually showing consistent outcomes. n = 479 proteins
and n=1,528 transcripts were analysed. d, Model of PPIA activity and function
inthe ageing haematopoietic compartment. PPIA supports nascent proteins
during translation and affects proline isomerization in IDRs. Therefore, proteins
richinIDRs, some of which can undergo phase separation, may require higher
isomerization activity. PPIA expression decreases during haematopoietic
ageing, and the aged proteome is consequently depleted of disordered proteins.
In conclusion, PPIA deficiency impairs stress response in HSCs, biases lineage
commitment, and accelerates HSC ageing.

The slow effect of PPIA inhibition or depletion on liquid-liquid phase
separation implies that the proteins involved in condensation must
be turned over and replaced, suggesting that PPIA might not directly
affect the granules themselves.

The expression of PPIA was significantly decreased in aged
HSCs, and loss of PPIA accelerated ageing in the stem-cell compart-
ment. As a consequence, intrinsically disordered proteins, which
are challenging to translate®, are less efficiently synthesized in
HSCs and progenitor cells that are aged or genetically depleted of
PPIA. We therefore propose that the expression of IDR-rich proteins
constitutes a translational bottleneck during ageing, with possible
implications for protein phase separation and other stress responses.
PPIA’s diverse interactions, encompassing cellular functions such
as splicing, translation and transcription, highlight its potential
to influence various processes within the multifaceted context of
ageing. Although our findings show that diminished PPIA levels
impact the viability and adaptability of haematopoietic stem cells,
the effects on distinct progenitor populations and immune cells
warrant further investigation.

In conclusion, our data suggest a role of PPIA in the molecular
cascade that drives haematopoietic ageing, particularly in the syn-
thesis of intrinsically disordered proteins and the preservation of a
structurally diverse proteome (Fig. 6d). The capacity to synthesize
disordered proteins might represent a previously unrecognized
determinant of cellular health, one that is not captured through
transcript-based methods.
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Methods

Mice

All animal experiments and care procedures were conducted at the
Massachusetts General Hospital or Baylor College of Medicine facilities
in accordance with the Institutional Animal Care and Use Committee
(IACUC) protocols approved at each institution, in compliance with all
relevant ethical regulations, and following guidelines from the National
Institutes of Health Guide for the Care and Use of Laboratory Animals. The
animal facilities were approved by the Association for Assessment and
Accreditation for Laboratory Animal Care International (AAALAC). The
generation of the Ppia”~ mice has been described previously"”. C57BL/6
and the congenic (CD45.1°) B6.SJL strain were purchased from The
Jackson Laboratory (000664 and 002014). Ppia*, Ppia”~ and C57BL/6
wild-type animals were kept under pathogen-free conditions. All mice
were housed in ventilated cages, on a standard rodent diet of chow and
waterad libitum, underal12-hlight-dark cycle. Ppia”’ mice were born at
sub-Mendelian ratios but displayed no abnormal phenotype after mul-
tiple generations of backcrossing to the C57BL/6 genetic background.
Animals withsigns of sickness or infection were excluded from the study.

2D electrophoresis gels

We used the Zoom IPGRunner system (Invitrogen) to separate proteins
in two dimensions. We isolated the HSPCs of young male and female
C57BL/6) mice (four to eight months of age) and lysed them according
to the manufacturer’s instructions with urea, CHAPS, dithiothreitol
(DTT) and ampholytes. CyDyes DIGE fluors (minimal dyes) were used
accordingtothe vendor’sinstructions (Amersham) with fluorophores
Cy3 and Cy5 for post-lysis labelling to ensure that only 1-2% of lysines
were labelled in a given protein. Labelling intensities were measured
with a Typhoon FLA 9000 scanner and quantified with DeCyder 7.0
and ImageQuant software (GE Healthcare). We normalized the total
proteinabundance based on protein size and lysine concentration for
spots with known identity by MS/MS. PPIA quantity was identical in two
independent experiments using different fluorophores.

MS/MS

Characterization of the mouse HSPC proteome following 2D elec-
trophoresis. Following trypsinolysis, we analysed digested peptides
by reverse-phase liquid chromatography electrospray ionization MS
using a Waters NANO-ACQUITY-UPLC system coupled toa Thermo LTQ
linear ion-trap mass spectrometer. To identify proteins, we searched
the MS/MS spectra against the non-redundant NCBI protein database
using the SEQUEST program (http://proteomicswiki.com/wiki/index.
php/SEQUEST). Two independent experiments were performed.

PPIA protein complex identification following 3XF-PPIA immuno-
precipitation. Immunopurified samples were analysed by MS-based
proteomics, as previously described®. Minor modifications from
the previously cited protocol are listed here. Digested peptides were
injected into a nano-HPLC 1000 system (Thermo Scientific) coupled
to an LTQ Orbitrap Elite mass spectrometer (Thermo Scientific) for
the first repeat and a Q Exactive Plus (Thermo Scientific) mass spec-
trometer for second-repeat samples. Separated peptides were directly
electro-sprayed into the mass spectrometer, controlled by Xcalibur
software (Thermo Scientific) in data-dependent acquisition mode,
selecting fragmentation spectra of the top 25 and 35 strongest ions for
first samples and second samples, respectively. MS/MS spectra were
searched against the target-decoy human RefSeq database (released
January 2019, containing 73,637 entries) with the software interface
and search parameters previously described®. Variable modification
of methionine oxidation and lysine acetylation was allowed. Protein
abundance was calculated with the iBAQ algorithm, and the relative
protein amounts between samples were compared with an in-house
processing algorithm®®. Hits were limited to proteins that were iden-
tified using strict false discovery rate (FDR) levels following peptide

spectral matching. Substrates with a preference for wild-type PPIA
were defined as having at least 1.5-fold higher abundance of peptide
spectral matches (PSMs) compared to mutant PPIA.

Tandem-mass-tag isobaric labelling for MS analysis of the mouse
HSPC proteome. Whole BM wasisolated from the femurs and tibias of
four-month-old and 28-month-old male C57BL/6) mice or 10-12-month
old PPIA heterozygous (Ppia*’") and knockout (Ppia™") male mice.
Magnetic depletion of lineage-positive haematopoietic cells was per-
formed using the EasySep mouse haematopoietic progenitor cell
isolation kit (Stem Cell Technologies), and lineage-depleted stem and
progenitor cells were submitted to MS analysis. Cells were lysed with
RIPA lysis buffer (Sigma-Aldrich) supplemented with XPert protease
inhibitor cocktail (GenDepot), and 50-pug protein samples were sub-
jected to acetone precipitation at —20 °C for 3 h. After centrifugation
(12,000gfor 5 min), pellets were denatured and reduced with 30 pl of
6 Murea, 20 mM DTT in 150 mM Tris-HCI, pH 8.0, at 37 °C for 40 min,
then alkylated with 40 mM iodacetamide in the dark for 30 min. The
reaction mixture was diluted tenfold using 50 mM Tris-HCI pH 8.0
before overnight digestion at 37 °C with trypsin (1:25 enzyme to sub-
strateratio). Digestions were terminated by adding an equal volume of
2% formic acid, and then desalted using Oasis HLB 1-ml reverse-phase
cartridges (Waters). Eluates were dried by vacuum centrifugation.
The protein digests were labelled by mixing with the appropriate TMT
reagent according to the TMTsixplex Isobaric Label reagent protocol
(Thermo Scientific). Following incubation at room temperature for1h,
thereaction was quenched with hydroxylamine to afinal concentration
of 0.3% (vol/vol). After labelling, the individual reaction mixtures were
combined, dried in a vacuum centrifuge to near dryness, then recon-
stituted in 0.5% formic acid containing 2% acetonitrile and desalted
using Oasis HLB 1-ml reverse-phase cartridges (Waters).

An aliquot of TMT tryptic digest (in 2% acetonitrile/0.1% formic
acid inwater) was analysed by LC-MS/MS on an Orbitrap Fusion Tribrid
mass spectrometer (Thermo Scientific) interfaced with an UltiMate
3000 binary RSLCnano system (Dionex). For trapping the sample,
the UHPLC was equipped with an Acclaim PepMap 100 trap column
(100 pm x 2 c¢m, C18, 3 um) and washed with solvent A at a flow rate
of 6 pl min™ for 7 min. Peptides were continuously separated onto
an analytical C18 column (100-pm inner diameter x 30 cm, 3 pm) at
flow rate of 350 nl min™. Gradient conditions were as follows: 5% for
8 min; 5-25% B for 200 min; 25-37% B for 22 min; 37-90% B for 10 min;
90% B held for 10 min (solvent A, 0.1% formic acid in water; solvent B,
0.1% formic acid in acetonitrile). The peptides were analysed using a
data-dependent acquisition method. Orbitrap Fusion was operated
withmeasurement of FTMS1ataresolution 0of120,000 (atm/z200), a
scanrange of380-1,500 m/z, AGC target 2E5 and a maximum injection
time of 50 ms during a maximum 3-s cycle time. The most abundant
multiply charged parentions were selected for HCD MS2 at aresolution
0f15,000 (at m/z200) in the Orbitrap MS, with HCD NCE 40, a1.6-m/z
isolation window, AGC target 5SE4 and a maximum injection time of
120 ms, and dynamic exclusion was employed for 40 s.

Proteome Discoverer v.1.4 (Thermo Scientific) with SEQUESTHT
search engines was used for the spectra preprocessing, and HCD MS2
spectrawere used for peptide identification and quantitation based on
TMT reporter ions. The spectra were also searched against the decoy
database using atarget FDR of 1% or 5% using the Percolator. For trypsin,
up to two missed cleavages were allowed. The MS tolerance was set to
10 ppmand the MS/MS tolerance to 0.02 Da. Oxidation of methionine
was set as a variable modification, and carbamidomethylation on
cysteine residues and TMT labelling on lysine and at the peptide N
terminus were set as fixed modifications.

Label-free quantitative proteomic profiling of mouse HSPC global
proteome (‘365' profiling). Whole BM was isolated from the femurs
and tibias of three-month-old and 21-month-old male C57BL/6) mice.
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Magnetic depletion of lineage-positive haematopoietic cells was per-
formed using the EasySep mouse haematopoietic progenitor cell
enrichment kit (Stem Cell Technologies), and lineage-depleted stem
and progenitor cells were submitted to MS analysis. Following sample
lysis and overnight trypsin digestion, reconstituted peptidic fractions
were loaded onto a nano-HPLC 1000 system (Thermo Fisher Scien-
tific) coupled to an Orbitrap Fusion Lumos Tribrid mass spectrometer
(Thermo Fisher Scientific), with identical acquisition settings as pre-
viously described®. The trap and capillary HPLC columns have been
described previously®. The search of resultant MS/MS spectra against
the target-decoy mouse RefSeq database (released June 2015, contain-
ing 58,549 entries) was carried out with the Proteome Discoverer 2.1
interface (Thermo Fisher) with the Mascot 2.4 algorithm (Matrix Sci-
ence). The allowed variable modifications were methionine oxidation
and protein N-terminal acetylation. The search settings were as follows:
a precursor mass tolerance of 20 ppm, a maximum of two missed
trypsin cleavages and afragment ion mass tolerance of 0.5 Da. Assigned
peptides werefiltered with1% FDR. The in-house iFOT data-processing
algorithm®°was used to calculated the label-free relative abundance
of proteinsinsamples (Supplementary Datal).

Gene Ontology analyses were performed with the DAVID bioin-
formatic database (https://david.ncifcrf.gov). The datarepresent 385
consistently identified proteins in 293T cells from two independent
biological replicates. The degree of native protein disorder was deter-
mined using the openly available web interface IUPred2A (https://
iupred2a.elte.hu/)®*°, IUPred2A is a biophysics-based model that
predicts intrinsically disordered protein regions in specific proteins
withaconfidence scorebetween 0 and1foreachresidue, correspond-
ing to the probability of the given protein being in a disordered state.
Adisordered region was defined as a protein segment having a confi-
dencescore greater than 0.5. The IDR computational analysis was free
of redundantinformationto avoid over-representation of duplicated
proteinsin the MS/MS data.

Transplantations
All donor and recipient animals were gender-matched and between
three and six months of age. Separate experiments were conducted
in male and female mice with identical results. Experiments had a
statistical power of >80%, and transplants were initiated with at least
five animals per group. A priori power calculations were conducted to
ascertaintherequired sample size for each of two equal-sized groups.
The effect size was established at 15% of the pooled standard deviations,
estimated at10% based on historical datafrom our group. This analysis
was predicated on performing a two-tailed independent samples test,
appropriate for testing without a predetermined direction. Power was
validated using post hoc verification. Transplant recipient animals
were randomly assigned at the time of irradiation, and donor cells were
pooled fromup to three animals. Ppia”” animals were indistinguishable
from wild-type animals in all experiments tested. Ppia*~ mice were
generated by backcrossing into C57BL/6) mice for over ten genera-
tions. Transplantation studies are representative of two independent
biological replicates.

C57BL/6-B6.S)L wild-type mice (CD45.1") were lethally irradi-
ated with a Cs137 source at a single dose of 9.5 Gy up to 24 h before
transplantation.

PB and BM cell analysis. Cells were injected into the tail vein of
C57BL/6-B6.SJL recipient mice in 100 pl of PBS; 375,000 nucleated
BM cells of male or female C57BL/6) Ppia* or Ppia”™ mice (CD45.2")
were co-injected with the same number of CD45.1° competitor cells.
PB chimerism was assessed at weeks 5, 8,12 and 24 (shown are the
24-week analyses). Trendwise differences between Ppia knockout and
heterozygous cells emerged at weeks 8 and 12 (P < 0.1) and became
statistically significant at the 24-week analysis. Final BM collection
occurred at week 28.

Serial transplantations. Equal numbers of BM cells (500,000 cells)
from donor mice were mixed with 500,000 competitor cells from
C57BL/6-B6.SJL wild-type mice and injected into lethally irradiated
recipient mice. Two months after primary transplantation, 1,000,000
nucleated BM cells from the primary recipients were collected for a
second time and again after two months for a third round of trans-
plantation. Final evaluation was performed seven months after the
third transplantation.

Rescue experiments. Lineage”, c-Kit", Scal’ cells were pooled from
two 18-month-old C57BL/6 male mice and divided into two groups for
lentiviral transduction overnight. The collected cells were grownin tis-
sue cultureincubators and serum-free medium (StemSpan SFEM, Stem
Cell Technologies), supplemented with murine thrombopoietin (TPO;
20 ng ml™, PeproTech), stem cell factor (SCF; 10 ng ml™, PeproTech)
and the f3-catenin agonist CHIR99021 (250 nM, Stemgent). Concen-
trated lentivirus (pLVX-EFlalpha, Takara Bio) encoding mouse Ppia
(‘rescue’) orthe reverse complement (‘control’) was added to the cells.
The next day, cells were washed in PBS, and 5,000 transduced HSPCs
were injected along with 500,000 competing total BM cells in the
recipient’sbackgroundinto eachirradiated recipient (four-month-old
female C57BL/6-B6.SJL mice). The recipient mice were followed for six
months withregular fluorescence-activated cell sorting (FACS) analysis
of the PB to quantify reconstitution.

Cell analysis and FACS

First, freshly isolated PB and BM were used for analysis. BM cells were
initially depleted of lineage-positive cells with MACS LD columns (Milte-
nyiBiotec), as previously described’. The cells were then analysed with
anLSRIlinstrument andisolated withan Arialfluorescence-activated
cell sorter (BD Biosciences).

The following antibody combinations were used for cell pheno-
typing: HSPC (c-Kit", lineage™), LKS (c-Kit", Scal’, lineage™), CMP (c-Kit",
Scal’, lineage™, CD16/327,CD34"), CLP (c-Kit™, Scal™, lineage”, CD127*,
CD34") and HSC (c-Kit*,Scal’, lineage™, CD1357,CD34", CD150"). Immu-
nostainings were performed by incubating cells with anti-c-Kit (clone
2B8, BD Biosciences or Life Technologies), anti-Scal (clone D7, Caltag
Medystems or Thermo Fisher Scientific), anti-CD16/32 (clone 93, eBio-
science), anti-CD34 (clone RAM34, BD Biosciences), anti-CD135 (clone
A2F10.1, BD Biosciences), anti-CD150 (clone TC15-12F12.2, BioLegend),
anti-CD127 (clone SB/199, BioLegend) and anti-CD45.1/2 (clones A20
and 104, BioLegend) antibodies for 30 min (PB) or 60 min (BM) at4 °C,
before FACS analyses.

Theantibodies used for lineage depletion were anti-CD11b (clone
M1/70, BD Biosciences), anti-Ly-6G and Ly-6C (clone RB6-8C5, BD Bio-
sciences), anti-CD8a (clone 53-6.7, BD Biosciences), anti-CD3¢ (clone
145-2C11, BD Biosciences), anti-CD4 (clone GK1.5, BD Biosciences),
anti-TER-199 (clone TER-119, BD Biosciences), anti-CD45R (clone RA3-
6B2, BD Biosciences) and streptavidin (§32365, Thermo Fisher Scien-
tific). The sources of the samples were blinded to the FACS analyst.

Cell culture and drug treatments

Biochemical assays were performed in 293T or HeLa cells, which were
maintained at 37 °C in a humidified incubator containing 5% CO,. Cell
lines were purchased from ATCC (293T CRL-3216; HeLa CCL-2) or DMSZ
(NB4 ACC-207; OCI-AML3 ACC-582), cultured with the medium com-
position recommended by the supplier, and monitored for signs of
infection, including mycoplasma contamination. The ATCC cell lines
were confirmed by short tandem repeat profiling and human papil-
lomavirus positivity (HeLa).

Stable 293T or HeLa control and PPIAKd1/Kd2 cell lines were gen-
erated using pLKO.1 lentiviral vectors encoding short-hairpin RNAs
targeting the human PPIA protein (clone ID TRCNO000049171 (Kd1)
or clone ID TRCN0000049170 (Kd2), Horizon Discovery) designed
by The RNAi Consortium (TRC). Cell lines stably transduced with a
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pLKO.1-TRC empty vector encoding a non-targeting sequence (clone
ID TRCTRCN0000241922, Horizon Discovery) served as controls. Fol-
lowing puromycin selection (2 pug ml™, Gibco, Fisher Scientific), PPIA
knockdown efficiency was assessed by measuring PPIA protein expres-
sionby westernblotsinstably transduced cells (Extended Data Fig. 2d).
The two constructs PPIA Kd1 and PPIA Kd2 showed >80% knockdown
efficiency by immunoblot and were tested independently.

Control and PPIA Kd1 Hela cells were transfected with
pcDNA3.1-PPIA vector or corresponding empty pcDNA3.1 control
vector for 48 h. Following stress induction with sodium arsenite
(50 uM, Sigma-Aldrich) for 1 h,immunostaining for G3BP1 protein, a
marker of stress granule assembly, was performed using a rabbit poly-
clonal anti-G3BP1 antibody (cat. no. 13057-2-AP, Proteintech). The
cells were mounted using Prolong gold antifade mounting medium
containing 4’,6-diamidino-2-phenylindole (DAPI; Invitrogen) and
were imaged at x20 magnification on a Celldiscoverer 7 confocal
microscope (Zeiss) operated with the ZEN Pro imaging software
(Zeiss). The exposure time and gain were maintained at a constant
level for all samples, and stress granule analysis was carried out
with Image) software. Cell viability was measured on a Cellometer
Auto 2000 automated cell counter with ViaStain acridine orange/
propidium iodide staining solution (Nexcelom Bioscience). This
staining solution discriminates live and dead nucleated cells using
dual fluorescence. Cell viability was measured 1 h after stress induc-
tion with sodium arsenite.

Staining for P-bodies was performedinanidentical mannerinHeLa
cells using an anti-DDX6 antibody (cat. no. 14632-1-AP, Proteintech).
Visualization of nucleoli was conducted in OCI-AML3 cells (cat. no.
ACC-582,DSMZ), following knock-in of mCherry into the endogenous
NPM1 locus. Z-stacks were obtained at x100 magnification (Celldis-
coverer 7, Zeiss) in live cells following immobilization with Cell-Tak
(Corning) at 37 °C in a humidified chamber with 5% CO,. Before this,
the cells were transduced and puromycin-selected for control or PPIA
knockdown-vector1or treated for 24-48 h with PPIAinhibitor TMN355
(10 pM, Selleckchem). The size and roundness of nucleoli were quanti-
fied with Fiji"'.

Generation of NPM1-mCherry knock-in OCI-AML3 cells. sgRNA
design. For gene knock-in experiments in acute myeloid leukaemia
(AML) cell lines, we utilized previously described methods’. We deter-
mined a protospacer sequence for NPM1 near the C-terminal exon 12
using the CRISPRscan platform’ and a 20-nt guide RNA sequence.
Synthetic single-guide RNAs (sgRNAs) for homology directed repair
were purchased from Synthego.

Editing of NPM1 in OCI-AML3 cells. A double-stranded DNA template
encoding the mCherry protein for HDR (NPM1_mCherry) was synthe-
sized asalinear DNA fragment (Twist Biosciences). The HDR template
was designed with ~100-bp and ~200-bp homology arms, with the
left homology arm designed from NPM1 intron 11 DNA sequence
and the right homology arm from the NPM1 3’ UTR DNA sequence,
respectively. Following polymerase chain reaction (PCR) amplifica-
tion (KAPA HiFI HotStart ReadyMix; Roche) with HDR Primer F and
Primer R (Millipore Sigma), the amplicons were purified with AMPure
XP beads (Beckman Coulter). To generate the fusion protein, stop
codons were replaced with a GSG linker followed by mCherry and a
stop codon.

Cas9-sgRNA pre-complexing and transfection. To obtain Cas9-sgRNA
RNPs, 1 pg of Cas9 protein (PNA bio) was incubated with 1 ug of syn-
thetic sgRNA (Synthego) for 20 min at room temperature, then 1 ug
of PCR-amplified HDR DNA was added to the RNP mixture. 2.50 x 10°
OCI-AML3 cells were electroporated in buffer R (Thermo Fisher) using
the Neon Transfection System. The following electroporation condi-
tions were used for OCI-AML3 cells: 1,400 V,10 ms, three pulses.

Sequences. NPM1-mCherry:

TTAACTCTCTGGTGGTAGAATGAAAAATAGATGTTGAACTATG-
CAAAGAGACATTTAATTTATTGATGTCTATGAAGTGTTGTGGTTCCT-
TAACCACATTTCTTTTCTTTTTTTTCCAGGCCATTCAGGACCTTTG-
GCAATGGAGAAAATCACTAGGAAGCGGAGTGAGCAAGGGCGAGGAG-
GATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATG-
GAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGC-
GAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGT-
GACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCC-
CTCAGTTCATGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGA-
CATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGG-
GAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACC-
CAGGACTCCTCCCTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCT-
GCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAA-
GACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACG-
GCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACG-
GCGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAA-
GCCCGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTGGACAT-
CACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGC-
CGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACAAGTAG

HDR Primer F:

GTTCACATTTTTATGACTGATTAAAGTGTTTGGAATTAAAT-
TACATCTGAGTATAAATTTTCTTGGAGTCATATCTTTATCTAGAGT-
TAACTCTCTGGTGGTAGAATGAAAAATAGATGT

HDR PrimerR:

TTCTCACTCTGCATTATAAAAAGGACAGCCAGATATCAACTGT-
TACAGAAATGAAATAAGACGGAAAATTTTTTAACAAATTGTTTAAAC-
TATTTTCCTACTTGTACAGCTCGTCCATGC

sgNPMilwt:

UCCAGGCUAUUCAAGAUCUC

Overview of cell type usage across figures. Figures 1, 2, 5d and 6
are based on freshly isolated murine HSPCs and HSCs. Figures 3b-e
and 4c show experiments with 293T cells. Figures 4e-g and 5a,b were
performedin HeLa cells. Figure 5c was conducted with OCI-AML3 cells
following knock-in of mCherry at the 3’ end of NPM1.

Immunoprecipitations and western blots
Immunoprecipitations of 3XF-PPIA and 3XF-Mutant PPIA transiently
transfected cells were performed in 293T cells (one T175 flask per
condition). 3XF-Mutant PPIA (G104A mutant) has reduced catalytic
activity due to blocked substrate access to the active site’. At 48 h post
transfection, 293T cells were washed twice with cold PBS and mechani-
cally collected with acell scraper. Cells were lysed using PBS buffer sup-
plemented with 1% Triton X-100 and Xpert protease inhibitor cocktail
(GenDepot) for 10 min, with end-over-end rotation. Cell lysates were
centrifugedat4,000gfor4 minat4 °C. The supernatant was collected
andimmunoprecipitation was performed on the cytoplasmic fraction
of the cells. Forimmunoprecipitation, the cell lysate was mixed with 4 pl
of mouse monoclonal anti-FLAG antibody (clone M2,1 pg pl™, Millipore
Sigma) in a total volume of 900 pl for 1 h 30 min at 4 °C, then 50 pl of
Protein G Dynabeads (Thermo Fisher) were added to the cell lysate for
3 h 30 min with end-over-end rotation. The beads were washed twice
with 800 pl of ice-cold PBS for 5 min with end-over-end rotation at
4 °C,andthe protein complexes were eluted with 50 pl of 3XFLAG pep-
tide (Sigma-Aldrich) for 5 min at room temperature. Immunoblotting
againstafraction of the lysate was used to validate that the expression
levels of 3XF-PPIA and 3XF-Mutant PPIA were equal.
Immunoprecipitation against endogenous PPIA was performed
in parental HelLa cells (two T175 flasks per condition). The cells were
washed three times with ice-cold PBS, harvested mechanically, and
pelleted at 1,200g for 5 min at 4 °C. The cells were lysed using IP lysis
buffer (PBS supplemented with1% Triton X-100 and 1% Xpert Protease
Inhibitor Cocktail) and centrifuged at 4,000g for 5min at 4 °C. The
supernatant was collected and afraction was stored at —80 °C for input
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material. The lysate was then mixed with either 10 pg of anti-PPIA anti-
body (ab58144, Abcam) or normal mouse IgG, (IgG, immunoglobulin;
Cell Signaling Technology) as a negative control in a total volume of
950 pl. Incubations with target antibody or isotype control were car-
ried out for 1 h 15 min with end-over-end rotation at 4 °C, followed by
incubation with 125 pl of Protein G Dynabeads overnight at 4 °C. The
next day, the Protein G beads were washed once with 850 pl of ice-cold
lysis buffer for 5 min with end-over-end rotationat 4 °C, followed by a
similar wash with 850 pl of ice-cold PBS supplemented with 1% Xpert
protease inhibitor cocktail. The protein complexes were eluted with
60 pl of elution buffer (50 mM Tris-HCI, pH 7.4, 1% SDS, 10 mM EDTA)
by vortexing and applying three incubation cycles of 5 min at 65 °C.

Western blots were performed with a rat monoclonal anti-HA
high-affinity antibody (clone 3F10, Millipore Sigma), a rabbit poly-
clonal anti-histone H3 antibody (ab1791, Abcam), a rabbit polyclonal
anti-cyclophilin A antibody (2175, Cell Signaling Technology), a rabbit
polyclonal anti-PABPC1 antibody (4992, Cell Signaling Technology), a
rabbit polyclonal anti-DDX6 antibody (14632-1-AP, Proteintech), a rab-
bit polyclonal anti-G3BP1antibody (13057-2-AP, Proteintech), a rabbit
polyclonal anti-NPM1 antibody (10306-1-AP, Proteintech), a mouse
monoclonal anti-B-tubulin antibody (86298, Cell Signaling Technology)
and a mouse monoclonal anti-glyceraldehyde 3-phosphate dehydro-
genase (anti-GAPDH) antibody (ab204481, Abcam).

Pulsed SILAC

The workflow of the pulsed SILAC experiment performed in this study
is described inFig.4a.First, controland PPIAKd HeLa or 293T cells were
cultured for five daysinstandard DMEM (containing light/unlabelled
variants of lysine and arginine). Once the cells reached a similar conflu-
ence level (-50%), heavy isotope (*C-"N-lysine and ®*C-"N-arginine)-c
ontaining DMEM (Thermo Fisher Scientific) was added in excess
to the cells for 24 h. The amino-acid concentrations were 0.46 mM
L-lysine-2HCl and 0.47 mM L-arginine-HCI. Cells were collected and
100 pg of protein cell lysates from each cell type and condition were
subjected to acetone precipitation, then denaturation, reductionand
alkylation before overnightin-solution digestion at 37 °C with trypsin
to generate peptides for MS. Digestions were terminated by adding an
equal volume of 2% formicacid, and then desalted with Oasis HLB 1-ml
reverse-phase cartridges (Waters) according to the vendor’s protocol.

LC-MS/MS analysis. An aliquot of the tryptic digest was analysed by
LC-MS/MS on an Orbitrap Fusion Tribrid mass spectrometer (Thermo
Scientific) interfaced with an UltiMate 3000 Binary RSLCnano System
(Dionex), as previously described™. In our experiments, dynamic exclu-
sionwas employed for40s.

Data processing and analysis. The raw proteomic files were processed
with the Proteome Discoverer 1.4 software (Thermo Scientific), and
the MS/MS spectra were searched against the UniProt Homo sapi-
ens database using the SEQUEST HT search engine. The spectra were
also searched against the decoy database using a peptide target FDR
set to <1% and <5%, for stringent and relaxed matches, respectively.
The search parameters allowed for a maximum of two missed trypsin
cleavages, and the MS/MS tolerance was set at 0.6 Da. Carbamido-
methylation on cysteine residues was used as a fixed modification, and
oxidation of methionine as well as SILAC heavy arginine (*C,-**N,) and
SILAC heavy lysine (C,-°N,) were set as variable modifications. Quan-
tification of SILAC pairs was performed with the Proteome Discoverer
software. Precursor ion elution profiles of heavy versus light peptides
were determined with a MS tolerance of 3 ppm. The area under the
curve was used to determine a SILAC ratio for each peptide.

De novo translation assay
Haematopoietic stemcells (c-Kit*, Scal’, lineage™, CD135°, CD34 ") were
collected from male and female C57BL6/) mice, four to six months of

age, and expanded ex vivo using a previously published protocol”. Fol-
lowing 24-h treatment with PPIA inhibitor TMN355 (10 pM) or DMSO
control, the translation rates were measured by microscopy with a
fluorescent puromycin analogue (Click-IT Plus OPP, Alexa 488 picolyl
azide, Thermo Fisher) following a 2-h pulse with the bio-orthogonal
labelaccording to the vendor’s protocol. Quantification was performed
at x40 magnification (Celldiscoverer 7, Zeiss) using Fiji software”".

PLA

Whole BM was obtained from the hind-limblong bones and hip bones of
young and old male C57BL/6) mice (five months old and 23 months old,
respectively). Lineage-positive cells wereisolated using the Direct Line-
age Cell depletionkit (Miltenyi Biotec) and magnetically depleted with
an AutoMACS Pro Separator (Miltenyi Biotec). The lineage-negative
fraction was resuspended at a concentration of 10° cells per millilitre
and stained on ice for 15 min with the combination of antibodies char-
acterizing HSCs described in the ‘Cell analysis and FACS’ section. Cell
sorting was carried out onan Aria [IFACS instrument (BD Biosciences).
Finally, isolated HSCs were cytospinned, attached onto a Cellview slide
(543979, Greiner Bio-one) in the presence of Cell-Tak (Corning), and
fixed in 4% paraformaldehyde.

To quantify PPIA expression, PLAs were performed on isolated
HSCswith the Duolinkin Situ Red Starter Kit Mouse/Rabbit (DU092101,
Millipore Sigma), adapting the vendor’s protocol for HSCs. Briefly,
HSCs were permeabilized with PBS + 0.5% Triton X-100 for 7 min,
washed with PBS, and blocked in 5% donkey serum for 30 min at room
temperature. After ashort wash in PBS, the slides were incubated in a
humidity chamber for1hat37 °Cwith Duolink blocking solution. The
primary antibodies (mouse anti-cyclophilin A antibody, ab58114, and
rabbit anti-cyclophilin A antibody, ab41684; both from Abcam) were
applied overnight at 4 °C in a humidity chamber. To quantify interac-
tions between PPIA and its substrates, the mouse anti-cyclophilin A
antibody was used in combination with rabbit anti-PABPC1, anti-DDX6
or anti-NPM1 antibodies (Proteintech 10970, 14632, 10306) in HSCs
derived from mice, six to eight months of age. After washing the
samples twice with Duolink buffer A, diluted anti-mouse PLUS and
anti-rabbit MINUS PLA probes were added to the samples for1hat37 °C
inapre-heated humidity chamber. Following two washes with buffer A,
the cellswere incubated with a DNA ligase previously diluted in Duolink
ligation buffer for 30 min at 37 °C. The samples were washed twice in
Duolink buffer A under gentle shaking, and incubated with a diluted
DNA polymerase solution for 1 h 40 min at 37 °C in the dark. Finally,
the slides were rinsed twice in 1x wash buffer B for 10 min and once in
0.01x wash buffer B for 1 min at room temperature and mounted with
Duolinkin situ mounting medium containing DAPI. For each antibody,
anegative control experiment was performed where only one antibody
or no antibody was incubated with the PLA probes. Fluorescence was
visualized with a Celldiscoverer 7 confocal microscope (Zeiss) at x100
magnification, and the images were processed to include background
subtractionand orthogonal projection with ZEN Pro imaging software
(Zeiss). The analyst was blinded to the origin of the samples during
PLA staining and spot counting. An average of 90 cells per condition
were counted, and the shown fluorescence microscopy images are
representative of two independent biological replicates.

Misfolded protein quantification

To quantify the relative abundance of misfolded protein aggre-
gates in HeLa cells, we utilized a Proteostat Aggresome detection kit
(ENZ-51035-K100, Enzo Life Sciences). The Proteostat aggresome
detection assay was performed according to the manufacturer’s
instructions. Briefly, cells seeded on glass slides were washed with
PBS, fixed with 4% formaldehyde for 30 min at room temperature,
permeabilized (0.5% Triton X-100,3 mM EDTA) for 30 minonice under
gentle shaking, and stained with Proteostat dye (1:20,000 dilution)
for 1h at room temperature. Nuclei were counterstained with DAPI.
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Cells treated with 10 uM MG132 (proteasome inhibitor) for 16 h were
used as a positive control. Samples stained with DAPI only served as a
background control for Proteostat quantification. The cells were imaged
with an Olympus Fluoview FV3000 confocal microscope with excita-
tion/emission (Proteostat) = 488/632 nm and (DAPI) = 350/435 nm.
Signal quantification was performed with Fiji software”".

RNA sequencing

For a young versus old comparison, wild-type HSPCs were isolated
from the hind-limb long bones of male C57BL/6J mice, aged four to
six months or 31-33 months, respectively. c-Kit* cells were stained
and magnetically isolated from the lineage-depleted cell suspension
using the EasySep mouse CD117 (c-Kit) positive selection kit (Stem
Cell Technologies), following the manufacturer’s instructions. After
overnight growth in serum-free medium (StemSpan SFEM, Stem Cell
Technologies), supplemented with murine TPO (20 ng ml™, Pepro-
Tech),SCF (10 ng ml™, PeproTech) and the B-catenin agonist CHIR99021
(250 nM, Stemgent), HSPCs were collected as cell pellets. Immediately
after collection, RNA extraction was carried out with the RNeasy Plus
Mini kit with genomic DNA Eliminator columns (QIAGEN) in combina-
tion with on-column DNasel digestion (QIAGEN), according to the
vendor’s protocol.

Total RNA-seq libraries were generated and prepared for multi-
plexing on the Illumina platform with the TruSeq stranded total RNA
library prep (Illumina) according to the manufacturer’s protocol. The
libraries included ERCC ExFold RNA spike-in mixes (Thermo Fisher
Scientific) to assess the platform dynamic range. RNA spike-in mixes
confirmed high fidelity between two independent next-generation
sequencing (NGS) runs (R?=0.991 and 0.943, respectively; Supple-
mentary Data 2). The resultant libraries were quality-checked on a
Bioanalyzer 2100 instrument (Agilent) and quantified with a Qubit
fluorometer (Thermo Fisher Scientific). Further quantification of the
adapter ligated fragments and confirmation of successful P5 and P7
adapterincorporations were assessed with the KAPA universal library
quantification kit for Illumina (Roche), run on a ViiA7 real-time PCR
system (Applied Biosystems). Multiplexed and equimolarly pooled
library products were re-evaluated on the Bioanalyzer 2100 and diluted
to 18 pM for cluster generation by bridge amplification on the cBot
system. Thelibraries were thenloaded onto arapid run mode flowcell
v.2, followed by paired-end 100-cycle sequencing run onaHiSeq2500
instrument (Illumina). The PhiX Control v3 adapter ligated library
(Illumina) was spiked-in at 2% by weight to ensure balanced diversity
and to monitor clustering and sequencing performance. We obtained
aminimum of 50 million reads per sample.

For the Ppia heterozygous versus knockout comparison, cells
were isolated from mice, aged 10-12 months, as outlined above, and
immediately subjected to RNA isolation (without overnight culture).
Total RNA libraries were prepared using the SMARTer Stranded Total
RNA-Seqkitv.2 (TakaraBio, 634418) and Unique Dual Index kit (Takara
Bio, 634752). Paired-end sequencing was performed for 150 cycles using
anlllumina NovaSeq 6000 system.

Data processing. Fastq file generation was achieved with the Illu-
mina’s BaseSpace Sequence Hub. Demultiplexing was based on
sample-specific barcodes. All bioinformatic analyses were performed
with Linux command line tools. After removing the short sequence
reads that did not pass quality control and discarding reads contain-
ing adaptor sequences with Cutadapt v.1.12’%, sequence reads were
assembled and mapped against the mouse MM9 reference genome
(Genome Reference Consortium) with TopHat2/Bowtie2v.2.1.0”". Gene
expression changes were quantified with Cufflinks and Cuffdiffv.2.1.17%,
and datawere normalized by calculating the fragments per kilobase per
million mapped reads (FPKM). Analysis of murine RNA-seq data was
validated by two independent biological replicates (young versus old)
orthreeindependentreplicates (Ppia heterozygous versus knockout).

Statistics

All statistical analyses were performed using Stata v.15.1 and Graph-
Pad Prism v.10 software. Unsupervised hierarchical clustering was
performed with Morpheus using default parameters, and gene set
enrichmentanalyses were performed with GSEA v.4.3.2based on gene
set permutations’”*°. The gene sets are available in Supplementary Data
8.Dashed lines mark medians and dotted lines represent the lower and
upper quartiles in violin plots. Comparisons for MS were pruned for
low-scoring peptides and rank-normalized. The treatment designation
or cell genotype in microscopy-based or FACS analyses was blinded to
the person performing quantification to reduce experimental bias. No
data points or animals were excluded from the analysis of completed
experiments. Randomization was not feasible within the experimental
design. We did not formally test data for normality and homoscedastic-
ity; however, we employed the Wilcoxon rank-sum test, which utilizes
ranks rather thanactual values, allowing robust statistical calculations
even when distributions are skewed and variances are unequal.

Software

All open-source and commercial software and proteomic databases
used to analyse MS/MS data, RNA-sequencing data and microscopy
pictures are described in the Methods. All statistical analyses were
performed using Statav.15.1and GraphPad Prism v.10. Image analysis
was performed with Fiji/Image) 2.00/1.52p and ZEN Pro 3.1. The 2D
gel captures were analysed with DeCyder 7.0 and ImageQuant (GE
Healthcare). Pulsed SILAC data were analysed with Qlucore Omics
Explorer 3.5 software. FACS data were analysed with FlowJo v.10. Gene
set enrichment analyses were performed with GSEA v.4.3.2. The 3D
molecular structure of the PPIA protein was visualized with PyMOL
v.2.5.2 (licensed by A.C.). Figures 1c,g, 2a, 4a and 6d were created with
BioRender.com (licensed by L.M.).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this Article.

Data availability

All data necessary for interpreting, verifying and extending the
research in this Article have been co-submitted as Source Data and
Supplementary Information files. Raw data have been deposited in
therepositories outlined below and are available without restrictions.
Mass spectrometry data obtained after 3XF-PPIAimmunoprecipitation
(Fig. 3¢) are deposited with the ProteomeXchange Consortium via
the MassIVE repository (MSV000083867) with the dataset identifier
PXDO014025 (https://massive.ucsd.edu/). The datasets generated in
the mouse HSC proteome profiling (Extended Data Fig. 4b) have been
deposited with the ProteomeXchange Consortium via the MassIVE
repository (MSV000083845) with the dataset identifier PXD013995.
Proteome data followingisobariclabelling and pulsed SILAC are avail-
able as Supplementary Information and at MassIVE (MSV000093125,
MSV000093126, MSV000093127) and ProteomeXchange (PXD046245,
PXD046246, PXD046247). For the transcriptomic analysis of murine
HSPCs (Supplementary Data2), raw and processed RNA-seq data have
been deposited with the Gene Expression Omnibus database under
accession code GSE151125. Previously published proteome data that
were re-analysed are available under accession codes PXD007048
(proteome data) and GSE115353 (transcriptomics). The PPIA struc-
ture was previously submitted to the Research Collaboratory for
Structural Bioinformatics Protein Data Bank under accession code
7ABT. PhaSepDB2.0 contains a database of 593 phase-separation pro-
teins and 7,679 membrane-less organelle entries (http://db.phasep.
pro/)®, curated from literature and databases. [UPred2A was used to
compute the likelihood of structural disorder per residue (https://
iupred2a.elte.hu/)***°, Heatmaps in Extended Data Fig. 5 were com-
puted withMorpheus (https://software.broadinstitute.org/morpheus).
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The members ofthe Cyclophilin family depicted in Extended Data Fig.1c
are PPIL6 (NP_775943.1), NKTR (NP_005376.2), PPIG (NP_004783.2),
PPIE (NP_006103.1), PPIH (NP_006338.1), PPID (NP_005029.1),
RANBP2 (NP_006258.3), PPIA (NP_066953.1), PPIF (NP_005720.1),
PPIB (NP_000933.1), PPIC (NP_000934.1), SDCCAG-10 (NP_005860.2),
PPIL1 (NP_057143.1), PPIL2 (NP_055152.1), PPIL3 (NP_115861.1), PPIL4
(NP_624311.1) and PPWD1 (NP _056157.1). All other data supporting the
findings of this study are available from the corresponding author on
reasonable request. Source data are provided with this paper.
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Extended Data Fig. 1| PPIA mass spectrometry and limiting dilution
assay. a, Identification coverage of PPIA. Spots were excised from 2-D SDS
PAGE for extraction and trypsin digestion. MS/MS spectra cover 49.8%

ofthe entire PPIA protein sequence (underlined; representative of two
independent mass spectrometry identifications). b, Analysis of proteomic
datain the haematopoietic compartment based on Zaro et al.'°. PPIA is
robustly expressed in haematopoietic stem cells (HSCs), but also expressed in
progenitor compartments throughout haematopoiesis. Violin plots represent
PPIA abundance in six replicate animals. MPP, multipotent progenitors;

CLP, common lymphoid progenitors; CMP, common myeloid progenitors;
MEP, megakaryocyte-erythroid progenitors; GMP, granulocyte-monocyte
progenitors. ¢, Phylogenetic tree of the Cyclophilin protein family in humans.
Thetree is based on protein sequence alignments from the NCBI RefSeq
database with Clustal Omega. The red box indicates PPIA. Accession numbers
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for the individual proteins are: PPIL6 (NP_775943.1), NKTR (NP_005376.2), PPIG
(NP_004783.2), PPIE (NP_006103.1) PPIH (NP_006338.1), PPID (NP_005029.1),
RANBP2 (NP_006258.3), PPIA (NP_066953.1), PPIF (NP_005720.1), PPIB
(NP_000933.1), PPIC (NP_000934.1), SDCCAG-10 (NP_005860.2), PPIL1
(NP_057143.1), PPIL2 (NP_055152.1), PPIL3 (NP_115861.1), PPIL4 (NP_624311.1), and
PPWD1 (NP_056157.1).d, Limiting dilution transplantations of Ppia heterozygous
(Ppia*") and knockout (Ppia”") bone marrow. 500,000 competitor cells (CD45.1%)
were co-injected with 4,000, 20,000,100,000, or 500,000 nucleated bone
marrow cells of Ppia”™ or Ppia’ mice. Reconstitution of peripheral CD45.2" cells
was assayed 20 weeks after transplantation and differences were compared
using a two-tailed Poisson ¢-test. No significant difference exists between
Ppiaheterozygous and knockout donors; (a representative example of two
independent experiments is shown with n =5 animals per group for the two high
donor cell doses and n =10 animals per group for the two low donor cell doses).
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Extended Data Fig. 2| See next page for caption.
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Extended Data Fig. 2| PPIA functional validation experiments. a, Interaction
between PPIA and PABPC1in haematopoietic cells. Co-IP followed by MS/MS
identifies PABPCl1 as an interactor of PPIA in the human haematopoietic cell lines
THP1 (acute monocytic leukemia, AML) and NB4 (acute promyelocytic leukemia,
APML). Cells were transduced with 3XF-tagged PPIA (3XF-WT-PPIA or 3XF-
Mutant(G104A)-PPIA, respectively) and IP was performed with an anti-3XFLAG
antibody. The arrow indicates the band for PABPC1 protein; (representative of
two independent experiments shown). b, Identification coverage of PABPC1.
Co-immunoprecipitated bands were excised after SDS-PAGE (Fig. 2b), trypsin
digested, and identified by MS/MS. Coverage for PABPC1 extends to 26.4% of

the protein, including the N-terminal RNA-binding domain, the C-terminal
domaininteracting with cap-binding proteins, and the unstructured linker
region; (representative of two independent experiments shown). ¢, List of
nucleotide-binding PPIA client proteins. Proteins listed by their official gene

names. Nucleotide binding was determined based on UniProt classifications.

d, Efficiency of PPIA knockdown in 293T cells and HeLa cells. Cells were stably
transduced with pLKO.1-TRC control, TRC PPIAKd1, or TRC PPIA Kd2 lentiviral
vectors, respectively. Then, cell lysates were prepared and loaded onto a SDS-
PAGE in order to measure PPIA protein expression by westernblot using a rabbit
polyclonal anti-PPIA antibody. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as aloading control for protein normalization; (representative
ofthree independent experiments shown). e, Presence of intrinsically
disordered regions correlates with a slower translation rate. Reanalysis of data
from Schwanhiusser et al.** showing the inverse correlation between protein
translation speed and percentage of intrinsically disordered regions* in the
whole proteome. Proteins with more intrinsically disordered regions translate
ataslower rate than structured proteins. Details on the calculation of protein
synthesis rates have been described by the original authors™.
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Extended Data Fig. 3| See next page for caption.
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Extended Data Fig. 3| PPIA’s effect on transcription and translationin
haematopoietic cells. a, Impaired translation in haematopoietic stem and
progenitor cells following pharmacological PPIA inhibition. Haematopoietic
stem cells (lin"/cKit*/Scal’/CD347/CD135 ) were isolated and expanded in

vitro as previously published”. Translation rates were measured through
bio-orthogonallabeling with a fluorescently labeled puromycin analog for two
hoursin cells that were pre-treated with DMSO or PPIA inhibitor TMN355 (10 pM,
24 h).Shownis arepresentative of three independent biological replicates,
inwhich n=1,880 (DMSO) and n=1,303 (TMN355) cells were analysed and
fluorescence was measured per cell. Scale bar, 100 pm (****P < 0.0001, two-sided
Wilcoxon rank-sum test). Bottom panel depicts DAPI counterstain. b, Reduced
expression of PPIA substrates in OCI-AML3 cells following PPIA knockdown.
Western blot analyses to detect protein expression of PPIA and PPIA protein
partners PABPC1, DDX6, and NPM1in the OCI-AML3 cell line. GAPDH was used
asaloading control for protein normalization and densitometry was measured
relative to GAPDH expression. The images represent results of two independent
experiments. ¢, Protein expression of PPIA client proteins is decreased in Ppia™
HSPCs. Western blot analyses to detect protein expression of PPIA and PPIA
protein partners PABPC1, DDX6, G3BP1, and NPM1in mouse lineage-depleted
bone marrow cells. The images represent results of Ppia*”~ and Ppia™~ animals
(n=1each). B-tubulin was used as a loading control for protein normalization.
This experiment was performed once. d, Ppia knockout versus heterozygous
haematopoietic stem and progenitor cells (lin"/c-Kit") upregulate genes involved
intranslation. Volcano plot shows comparable up-and down regulation of
genes. Gene set enrichment analysis of haematopoietic stem and progenitor
cells of Ppia knockout or heterozygous animals. N = 3independent animals

were analysed per group. Genes encoding the entire mouse chaperome or the
ubiquitin-proteasome system (UPS) were not significantly increased in knockout

cells. However, the gene ontology ‘cytoplasmic translation’ was significantly
upregulated in knockout cells. e, Ppia knockout cells show the transcriptional
signature of aging. Haematopoietic stem and progenitor cells (lin"/cKit") of
three Ppia knockout animals compared to three heterozygous animals show
significant upregulation of the aging marker gene P-selectin®. In addition, we
observed astrong gene set enrichment resembling aged haematopoietic stem
cells*. Statistics derived using two-sided Wilcoxon rank-sum test (n =3 mice
per group). f, Genes encoding PPIA substrates are upregulated in Ppia knockout
haematopoietic stem and progenitor cells. Relative FPKM changes shown in
cumulative violin plots representing three animals per genotype (Ppia knockout
versus heterozygous); y-axis represented in log2. Gene set enrichment analysis
of haematopoietic stem and progenitor cells (lin"/c-Kit") of Ppia knockout

or heterozygous animals shows significant upregulation of PPIA substrates
(n=307) compared to the overall proteome (n = 6,114) in knockout animals.
Statistics derived using two-sided Wilcoxon rank-sum test. g, No increased
spontaneous aggregation of misfolded proteins in absence of PPIA. Left panel:
Protein misfolding was quantified using the molecular rotor ProteoStat with
affinity for aggregated proteins. Increased protein aggregation causes the dye
to stop spinning and emit fluorescence. We analysed misfolding in HeLa cells
transduced with either scramble lentivirus or following PPIA knockdown, and
used proteasome inhibition as positive control (MG132,10 pM, 16 h). Scale bar,
80 pum. Right panel: Relative mean intensity per cell was plotted and calculated
after blinding. A total of 8independently treated replicates were analysed

per group in this assessment. Statistics calculated using two-sided Wilcoxon
rank-sum test (n =154 control cells, n = 147 PPIA knockdown cells for, n = 75 for
MG132-treated control cells, and n = 86 for MG132-treated PPIA knockdown cells;
the experiment was performed once).
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Extended Data Fig. 4 | Mass spectrometry in the haematopoietic
compartment. a, Reanalysis of proteomic data in haematopoietic stem cells
based on Zaro et al.”. PPIA is significantly downregulated in aged haematopoietic
stem cells (HSC). Violin plots represent PPIA abundance in n = 6 replicate animals.
Statistics calculated using two-sided Wilcoxon rank-sum test (*P < 0.05).

b, Quantification of IDR content in the top quartiles of proteins upregulatedin
the young and old mouse HSPC proteome by label-free MS/MS, respectively.
Analysis of MS/MS data following '365' proteome profiling was validated by a
total of two independent biological replicates. ****P < 0.0001, determined by
two-sided Wilcoxon rank-sum test (n =1,703 proteins per sample analysed).

¢, Aged HSPCs show lower levels of intrinsic disorder in their proteome. Shown are
individual comparisons of threeindependent replicates with the top upregulated
proteins, separated by median, in either young or old cells. Quantitative mass
spectrometry was performed following isobaric labelling. ****P < 0.0001;

two-sided Wilcoxon rank-sum test (n =4,789, n=4,789, and n = 4,706 proteins per
sample analysed). d, Ppia knockout results in lower levels of proteome disorder.
Shownare individual comparisons of three independent replicates with the

top upregulated proteins, separated by median, in either Ppia heterozygous
(equivalent to wild type) or knockout cells. Quantitative mass spectrometry was
performed following isobaric labelling. **P < 0.01, **P< 0.001, ***P< 0.0001;
two-sided Wilcoxon rank-sum test (n = 4,788, n = 4,453, and n = 4,637 proteins
per sample analysed). e, Validation of Ppia knockout efficiency in the sets of
Ppia*" and Ppia”~ mice used for TMT MS/MS experiments shown in Fig. 6¢. Livers
were homogenized with RIPA buffer and cell lysates were loaded onto a SDS-PAGE
gelinorder to measure PPIA protein expression by western blot using a rabbit
polyclonal anti-PPIA antibody. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as a loading control for protein normalization.
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Extended DataFig. 5| Clustering of proteomic data. a, PPIA expression affects
highly disordered proteins more than proteins with low levels of disorder.
Proteins from haematopoietic stem and progenitor cells (lin") of three Ppia
heterozygous or knockout animals were quantified by mass spectrometry
following isobaric labeling and sorted from high levels to low levels of disorder
(top to bottom). The top quartile of proteins with high degrees of intrinsic
disorder cluster according to genotype of the origin cells after unbiased
hierarchical cluster analysis. The degree of disorder of the top (100%), median
(51%), and bottom protein (31%) within the highest quartile is depicted.

b, IDR-poor proteins are less dependent on PPIA. Proteins at the bottom quartile
of disorder fail to cluster by genotype, indicating that PPIA expression mostly

affects highly disordered proteins. The degree of disorder of the top (2.9%),
median (0.6%), and bottom protein (0%) within the lowest quartile is depicted.

¢, Structural disorder correlates with PPIA expression. Performing a reciprocal
analysis, we conducted unbiased hierarchical clustering by genotype and
protein disorder. The top cluster with consistent upregulation of proteins in PPIA
expressing cells (marked with green box) showed significantly higher levels of
structural disorder compared to the total proteome (*P < 0.05, ***P < 0.001, two-
sided Wilcoxon rank-sum test). The protein cluster with consistent upregulation
in PPIA-deficient cells (marked with red box) showed a trend for lower levels of
intrinsic disorder compared to the total proteome (P = 0.079; three independent
animals were analysed per genotype).
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Data analysis All open source and commercial software and proteomic databases used to analyse MS/MS data, RNA sequencing data and microscopy
pictures are described in the Methods section of the manuscript. All statistical analyses were performed using Stata v.15.1 and GraphPad
Prism 10. Image analysis was performed with FlJI/ImageJ 2.00/1.52p and ZenPro 3.1. 2D gel captures were analysed with DeCyder 7.0 and
ImageQuant(GE Healthcare). Pulsed SILAC data was analysed with Qlucore Omics Explorer 3.5 software. FACS data was analysed with FlowJo
version 10. Gene Set Enrichment Analyses were performed with version 4.3.2. The 3-D molecular structure of PPIA protein was visualized
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data necessary for interpreting, verifying, and extending the research in this article have been co-submitted as source data and supplementary information files.
Raw data have been deposited in the repositories outlined below and are available without restrictions.

Mass spectrometry data obtained after 3XF-PPIA immunoprecipitation (Fig. 3c) are deposited with the ProteomeXchange Consortium via the MassIVE repository
(MSV000083867) with the dataset identifier PXD014025 (https://massive.ucsd.edu/). The datasets generated in the mouse HSC proteome profiling (Extended Data
Fig. 4b) have been deposited to the ProteomeXchange Consortium via the MassIVE repository (MSV000083845) with the dataset identifier PXD013995. Proteome
data following isobaric labelling and pulsed SILAC is available as supplementary information and at MassIVE (MSV000093125, MSV000093126, MSV000093127) and
ProteomeXchange (PXD046245, PXD046246, PXD046247).

For transcriptomic analysis of murine HSPCs (SI-Mouse HSPCs RNA seq), raw and processed RNA-seq data have been deposited with the Gene Expression Omnibus
(GEOQ) database under accession code GSE151125.

Previously published proteome data that were re-analysed are available under accession codes PXD007048 (proteome data) and GSE115353 (transcriptomics).
The PPIA structure was previously submitted to the Research Collaboratory for Structural Bioinformatics — Protein Data Bank under accession 7ABT.

PhaSepDB2.0 contains a database of 2,957 non-redundant phase-separation proteins and membrane-less organelles (http://db.phasep.pro/), curated from
literature and databases.

|IUPred2A was used to compute the likelihood of structural disorder per residue (https://iupred2a.elte.hu/).
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Replication male and one with female donor mice, showing identical results. Other experiments that were performed in duplicates or triplicates are
described in the Methods section and Figure Legends.

Randomization  Randomization was not feasible within the experimental design. However, in transplantation studies, transplant recipient animals were
randomly assigned at the time of irradiation and donor cells were pooled from two or three animals. Experiments were age and gender
matched and independently conducted with male/female mice.

Blinding For transplantation studies, animal handling, microscopy, and FACS, experiments and analysis were handled by separate researchers. The
FACS technician performing population statistics was blinded to the genotype of the donor mice.
For all imaging analyses, the experimenter was blinded to the origin of the samples.
For pulse SILAC and MS/MS, the researcher operating the mass spectrometrer and generating the raw proteomic data was blinded to the
origin of the samples.
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Antibodies

Antibodies used Antigen & Fluorophore - (Vendor & Catalog #) - Dilution:
FACS - Stem and progenitor cells:

CD45.1-PE (Biolegend 110708) 1:200
CD45.1-APC (eBioscience 17-0453-82) 1:200
CD45.2-PE Cy5.5 (eBioscience 35-0454-82) 1:200
CD45.2-Pac Blue (Biolegend 109820) 1:200
cKit-APC (BD Biosciences 553356) 1:200
cKit-APC Cy7 (eBioscience 47-1171-82) 1:50
SA-Pac Orange (Invitrogen $S32365) 1:200
SA-Pac Blue (Invitrogen S11222) 1:200

Scal-Pac Blue (Biolegend 108120) 1:200
Scal-PE Cy5.5 (Invitrogen MSCA18) 1:300
Scal-PE Cy7 (Biolegend 108114) 1:200
CD34-FITC (eBioscience 11-0341-85) 1:50
CD127-APC Cy7 (eBioscience 47-1271-82) 1:200
CD135-PE BD (Biosciences 553842) 1:50
CD150-PE Cy7 (Biolegend 115914) 1:200
CD16/32-PE-Cy7 (eBioscience 25-0161-82) 1:200

FACS - Peripheral blood:

CD45.1-PE (Biolegend 110708) 1:125
CD45.2-BV421 (Biolegend 109832) 1:125

CD3-PE Cy7 (eBioscience 25-0031-81) 1:125
B220-PerCP Cy5.5 (eBioscience 45-0452-80) 1:125
MAC1-APC (eBioscience 17-0112-81) 1:125
GR1-APC eF780 (eBioscience 47-5931-80) 1:125

Western and IP antibodies:

PPIA (CST) 2175 1:1,000

PPIA  (Abcam) ab1791 1:1,000
PPIA (Abcam) ab58144 IP

FLAG (Sigma) F1804 1:1,000
1gG1 control (CST) 5415 1:1,000
HA  (Sigma) 11867423001 1:1,000
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Validation

H3 (Abcam) ab1791 1:1,000

PABPC1 (CST) 4992 1:1,000

Caprinl (Proteintech) 15112-1-AP 1:1,000
DDX6 (Proteintech) 14632-1-AP 1:1,000
NPM1 (Proteintech) 10306-1-AP 1:5,000
G3BP1 (Proteintech) 13057-2-AP 1:1,000
beta-Tubulin (CST) 86298 1:3,000
GAPDH  (Abcam) ab204481 1:10,000

Proximity Ligation Assay:

PPIA  (Abcam) ab58114 1:100

PPIA  (Abcam) ab41684 1:100

PABPC1 (Proteintech) 10970-1-AP 1:100
DDX6 (Proteintech) 14632-1-AP 1:100
NPM1 (Proteintech) 10306-1-AP 1:100

Immuno-Fluorescence:

G3BP1 (Proteintech) 13057-2-AP 1:500
DDX6 (Proteintech) 14632-1-AP 1:100

All antibodies were commercially purchased and validated for their respective application by the manufacturer.

For flow cytometry:

B220-PerCP Cy5.5 (eBioscience/Thermo Scientific, Cat. #45-0452-80, Clone RA3-6B2). This RA3-6B2 antibody has been tested by flow
cytometric analysis of mouse splenocytes. Advanced Verification: this antibody was verified by relative expression to ensure that the
antibody binds to the antigen stated.

c-Kit (CD117)-APC (BD Biosciences, Cat. #553356, Clone 2B8). Application: Flow cytometry (Routinely rested). A single-cell suspension
of BALB/c bone marrow was simultaneously stained with FITC Rat Anti-Mouse CD45R/B220 (Cat. Nos. 553087/553088, both panels)
and either APC Rat IgG2b, k Isotype Control (Cat. No. 553991) or APC Rat Anti-Mouse CD117 (Cat. No. 553356) monoclonal
antibodies. Flow cytometry was performed on a BD FACSCalibur flow cytometry system.

c-Kit (CD117)-APC-Cy7 (eBioscience/Thermo Scientific, Cat. #47-1171-82, Clone 2B8). Applications Tested: this 2B8 antibody has been
tested by flow cytometric analysis of mouse bone marrow cells.

Gr-1 (Ly-6G/Ly-6C)-APC eF780 (eBioscience/Thermo Scientific, Cat. #47-931-80, Clone RB6-8C5). This RB6-8C5 antibody has been
tested by flow cytometric analysis of mouse bone marrow cells. Advanced verification: this Antibody was verified by relative

expression to ensure that the antibody binds to the antigen stated.

MACL1 (CD11b)-APC (eBioscience/Thermo Scientific, Cat. #17-0112-81, Clone M1/70). The M1/70 antibody has been tested by flow
cytometric analysis of mouse splenocytes.

Scal-Pac Blue (BioLegend, Cat. #108120, Clone D7). Each lot of this antibody is quality control tested by immunofluorescent staining
with flow cytometric analysis.

Scal-PE Cy5.5 (Invitrogen/Thermo Scientific, Cat. #MSCA18, Clone D7). The antibody has been discontinued and validation
information is no longer available on the website.

Scal-PE Cy7 (BioLegend, Cat. #108114, Clone D7). Each lot of this antibody is quality control tested by immunofluorescent staining
with flow cytometric analysis.

Streptavidin-Pac Orange (Invitrogen/Thermo Scientific, Cat. #532365). For Use With (Application): Flow Cytometry, Immunoassays,
Histochemical Applications, Blot Analysis. Not an antibody, no precise validation data is available. Certificate of Analysis only.

Streptavidin-Pac Blue (Invitrogen/Thermo Scientific, Cat. #511222). For Use With (Equipment): Flow Cytometry, Immunoassays,
Histochemical Applications, Blot Analysis. Not an antibody, no precise validation data is available. Certificate of Analysis only.

CD3-PE Cy7 (eBioscience/Thermo Scientific, Cat. #25-0031-81, Clone 145-2C11). This 145-2C11 antibody has been tested by flow
cytometric analysis of mouse thymocytes and splenocytes.

CD16/32-PE Cy7 (eBioscience/Thermo Scientific, Cat. #25-0161-82, Clone 93). This 93 antibody has been tested by flow cytometric
analysis of mouse splenocytes.

CD34-FITC (eBioscience/Thermo Scientific, Cat. #11-0341-85, Clone RAM34). This RAM34 antibody has been tested by flow
cytometric analysis of mouse bone marrow cells.

CDA45.1-PE (BioLegend, Cat. # 110708, Clone A20). Each lot of this antibody is quality control tested by immunofluorescent staining
with flow cytometric analysis.

CD45.1-APC (eBioscience/Thermo Scientific, Cat. # 17-043-82, Clone A20). Applications Tested: the A20 antibody has been tested by
flow cytometric analysis of mouse splenocytes.

CD45.2-PE Cy5.5 (eBioscience/Thermo Scientific, Cat. #35-0454-82, Clone 104). Applications Tested: this 104 antibody has been
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tested by flow cytometric analysis of BALB/c splenocytes.

CD45.2-Pac Blue (BioLegend, Cat. #109820, Clone 104). Each lot of this antibody is quality control tested by immunofluorescent
staining with flow cytometric analysis.

CD45.2-BV421 (BioLegend, Cat. #109832, Clone 104). Each lot of this antibody is quality control tested by immunofluorescent
staining with flow cytometric analysis.

CD127-APC Cy7 (eBioscience/Thermo Scientific, Cat. #47-1271-82, Clone A7R34). This A7R34 antibody has been tested by flow
cytometric analysis of mouse splenocytes.

CD135-PE (BD Biosciences, Cat. #553842, Clone A2F10.1). Application: Flow cytometry (Routinely Tested). In flow cytometric analysis,
the A2F10 antibody recognizes Flt3-transfected Y3 cells (rat myeloma), but not the parent cell line in addition to recognizing early B
lymphoid lineage cells in juvenile and adult bone marrow.

CD150-PE Cy7 (BioLegend, Cat. #115914, Clone TC15-12F12.2). Each lot of this antibody is quality control tested by
immunofluorescent staining with flow cytometric analysis.

For Western blots and Immunoprecipitation assays:

PPIA (Cell Signaling Technology, Cat. #2175). Cyclophilin A Antibody detects endogenous levels of total Cyclophilin A protein.
Application: Western Blotting, Dilution 1:1000. Species reactivity is determined by testing in at least one approved application (e.g.,
western blot).

PPIA (Abcam, Cat. # ab41684). Replenishment batches of our polyclonal antibody, ab41684 are tested in WB. Previous batches were
additionally validated in ICC/IF.

PPIA (Abcam, Cat. #58144, Clone 1F4-1B5). Our Abpromise guarantee covers the use of ab58144 in the following tested applications:
WB, ICC/IF, IP, flow cytometry. Western blot: Use at an assay dependent concentration. Predicted molecular weight: 18 kDa.

FLAG (Millipore Sigma, Cat. #F1804, Clone M2). Application: for highly sensitive and specific detection of FLAG fusion proteins by
immunoblotting, immunoprecipitation, immunohistochemisty, immunofluorescence and immunocytochemistry. Optimized for single
banded detection of FLAG fusion proteins in mammalian, plant, and bacterial expression systems. Specificity: Conforms. Detects a
single band of protein on a Western Blot from mammalian crude cell lysates. Sensitivity test: Conforms. Detects 2 ng of FLAG-BAP
fusion protein by Dot Blot using Chemiluminescent Detection.

1gG1 Isotype Control (Cell Signaling Technology, Cat. #5415). Mouse (G3A1) mAb IgG1 Isotype Control is not directed against any
known antigen. It functions as an isotype control for mouse 1gG1 monoclonal antibodies. Species reactivity is determined by testing
in at least one approved application (e.g., western blot).

HA tag (Sigma-Aldrich, Cat. #11867423001, Clone 3F10). Quality: function tested in western blot. Use Anti-HA High Affinity for the
detection of native influenza hemagglutinin protein and recombinant proteins that contain the HA epitope using Dot blots, ELISA,
Immunocytochemistry, Immunoprecipitation, and Western blots.

Histone H3 (Abcam, Cat. #1791). WB: Detects a band of approximately 17 kDa (predicted molecular weight: 15 kDa). Specificity:
based only on sequence homology, we expect the antibody to react with multiple variants of H3 such as H3.1, H3.2 and H3.3.

PABPC1 (Cell Signaling Technology, Cat. #4992). PABP1 Antibody detects endogenous levels of total PABP1 and PABP3 proteins.
Species reactivity is determined by testing in at least one approved application (e.g., western blot).

Caprinl (Proteintech, Cat. #15112-1-AP). Positive WB detected in HEK-293 cells, mouse brain tissue, HEK-293T cells, rat brain tissue,
Hela cells, Jurkat cells, NIH/3T3 cells.

DDX6 (Proteintech, Cat. #14632-1-AP). 14632-1-AP targets DDX6 in WB, IP, IHC, IF, ELISA applications and shows reactivity with
human, mouse, rat samples. Positive WB detected in Hela cells, HEK-293 cells, HepG2 cells, Jurkat cells, K-562 cells, C2C12 cells,
mouse testis tissue.

NPM1 (Proteintech, Cat. #10306-1-AP). 10306-1-AP targets B23/NPM1 in WB, IP, IHC, IF, ColP, ChIP, ELISA applications and shows
reactivity with human, rat samples. Positive WB detected in COLO 320 cells, Jurkat cells, multi-cells, K-562 cells, Hela cells, HEK-293
cells.

G3BP1 (Proteintech, Cat. #13057-2-AP). 13057-2-AP targets G3BP1 in WB, RIP, IP, IHC, IF, FC, ColP, ELISA applications and shows
reactivity with human, rat, mouse samples. Positive WB detected in C6 cells, HEK-293 cells, human brain tissue, Neuro-2a cells, Hela
cells, HepG2 cells, MCF-7 cells, Jurkat cells, mouse kidney tissue, rat kidney tissue, mouse brain tissue, rat brain tissue. The protein is
known to run at higher than expected molecular weight in SDS PAGE.

Beta-Tubulin (Cell Signaling Technology, Cat. #86298, Clone D3U1W). B-Tubulin (D3U1W) Mouse mAb recognizes endogenous levels
of total B-tubulin protein. Species reactivity is determined by testing in at least one approved application (e.g., western blot).

GAPDH (Abcam, Cat. #ab204481, Clone EPR16884). WB: detects a band of approximately 36 kDa (predicted molecular weight: 36
kDa). Species reactivity: reacts with: Mouse, Rat, Human.

For Proximity Ligation Assays:
PPIA (Abcam, Cat. # ab41684). Replenishment batches of our polyclonal antibody, ab41684 are tested in WB. Previous batches were
additionally validated in ICC/IF.

PPIA (Abcam, Cat. #58144, Clone 1F4-1B5). Our Abpromise guarantee covers the use of ab58144 in the following tested applications:
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WB, ICC/IF, IP, flow cytometry. Western blot: Use at an assay dependent concentration. Predicted molecular weight: 18 kDa.

PABPC1 (Proteintech, Cat. #10970-1-AP). 10970-1-AP targets PABPC1, PABP in WB, IP, IHC, IF, FC, ELISA applications and shows
reactivity with human, mouse, rat samples. Positive IF detected in MCF-7 cells.

DDX6 (Proteintech, Cat. #14632-1-AP). 14632-1-AP targets DDX6 in WB, IP, IHC, IF, ELISA applications and shows reactivity with
human, mouse, rat samples. Positive IF detected in Hela cells, hnTERT-RPE1 cells.

NPM1 (Proteintech, Cat. #10306-1-AP). 10306-1-AP targets B23/NPM1 in WB, IP, IHC, IF, ColP, chlIP, ELISA applications and shows
reactivity with human, rat samples. Positive IF detected in Hela cells.

Immuno-fluorescence:
G3BP1 (Proteintech, Cat. #13057-2-AP). 13057-2-AP targets G3BP1 in WB, RIP, IP, IHC, IF, FC, ColP, ELISA applications and shows
reactivity with human, rat, mouse samples. Positive IF detected in sodium arsenite treated Hela cells.

DDX6 (Proteintech, Cat. #14632-1-AP). 14632-1-AP targets DDX6 in WB, IP, IHC, IF, ELISA applications and shows reactivity with
human, mouse, rat samples. Positive IF detected in Hela cells, hnTERT-RPE1 cells.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Cell lines were purchased from ATCC (293T CRL-3216; Hela CCL-2) or DMSZ (NB4 ACC-207; OCI-AML3 ACC-582), cultured
with the medium composition recommended by the supplier, and monitored for signs of infection, including mycoplasma
contamination.

The ATCC cell lines were confirmed by STR profiling and HPV positivity (Hela).

Mycoplasma contamination Cells were monitored for signs of infection, including mycoplasma contamination. Negative tests were recorded using the

Lonza MycoAlert Mycoplasma Detection Kit.

Commonly misidentified lines  The study did not involve misidentified cell lines.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

We used C57BL/6 wild-type mice or derived Ppia-/- and Ppia+/- mice of both sexes, multiple ages as indicated in the Methods

section. As recipients in transplant experiments, we used female C57BL/6.SJL mice from the Jackson Laboratory (catalot no. 002014).

Animals were housed in groups of 5 or 4 (if weight >25g) in ventilated cages in a pathogen-free high-barrier facility under ambient
temperature and humidity. The mice were on a standard rodent diet of chow and water ad libitum, under a 12-hour light/dark cycle.

Animal ages (details described in the Methods section):

Transplant donors and recipients: 3-6 months of age, except for Fig. 2 where the donors were 18 months of age.

Age-dependent transcriptome and proteome analyses: young animals are 3-6 months of age, aged animals are over 20 months of
age.

Ppia genotype-dependent transcriptome and proteome analyses: mice are 10-12 months of age.

General proteome and PLA interaction assays: mice are 4-8 months of age.

The study did not involve wild animals.

Experiments were performed using single-sex donor cells. No differences were observed between male or female donors.

The study did not involve samples collected from the field.

All animal experiments and care procedures were conducted at the Massachusetts General Hospital or the Baylor College of
Medicine facilities in accordance with the Institutional Animal Care and Use Committee (IACUC) protocols approved at each
institution, in compliance with all relevant ethical regulations, and following guidelines from the National Institutes of Health Guide

for the Care and Use of Laboratory Animals (approved protocol #AN6745). The animal facilities were approved by the Association for
Assessment and Accreditation for Laboratory Animal Care International (AAALAC).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry

Plots

Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

& A numerical value for number of cells or percentage (with statistics) is provided.
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Methodology
Sample preparation Samples were prepared using standard protocols, with details outlined in the Methods section.
Instrument BD Biosciences LSR Fortessa for analysis and Aria Il for sorting.
Software Analysis was performed using pre-installed BD Biosciences software FACS DiVa 9.0 and confirmed post-hoc with FlowJo v.10.
Cell population abundance Relative and absolute cell numbers were calculated between various samples. While the relative numbers are shown in the
manuscript, the absolute cell numbers showed consistent changes based on genotype of the donor animals.
Gating strategy Standard gating strategy was performed, as detailed in the Methods section. Dead cells were excluded based on FSC/SSC

scatter.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.




	Cyclophilin A supports translation of intrinsically disordered proteins and affects haematopoietic stem cell ageing

	Results

	Loss of PPIA causes an ageing-like haematopoietic phenotype

	PPIA substrates are enriched for IDRs

	PPIA promotes expression of its substrates

	PPIA affects liquid–liquid phase separation of its substrates

	PPIA and IDR-rich proteins decline with age


	Discussion

	Online content

	Fig. 1 PPIA deficiency induces an ageing-like haematopoietic phenotype.
	Fig. 2 PPIA overexpression improves transplantation outcomes of aged BM.
	Fig. 3 PPIA interacts with intrinsically disordered proteins.
	Fig. 4 PPIA activity promotes expression of proteins enriched for IDRs.
	Fig. 5 PPIA regulates protein phase separation of its substrates.
	Fig. 6 PPIA levels decline with age and contribute to IDR protein deficiency in HSPCs.
	Extended Data Fig. 1 PPIA mass spectrometry and limiting dilution assay.
	Extended Data Fig. 2 PPIA functional validation experiments.
	Extended Data Fig. 3 PPIA’s effect on transcription and translation in haematopoietic cells.
	Extended Data Fig. 4 Mass spectrometry in the haematopoietic compartment.
	Extended Data Fig. 5 Clustering of proteomic data.




