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The nanomaterial-protein “corona” is a dynamic entity providing a synthetic—natural
interface mediating cellular uptake and subcellular distribution of nanomaterials in bio-
logical systems. As nanomaterials are central to the safe-by-design of future nanomedi-
cines and the practice of nanosafety, understanding and delineating the biological and
toxicological signatures of the ubiquitous nanomaterial-protein corona are precursors
to the continued development of nano-bio science and engineering. However, despite
well over a decade of extensive research, the dynamics of intracellular release or
exchange of the blood protein corona from nanomaterials following their cellular inter-
nalization remains unclear, and the biological footprints of the nanoparticle—protein
corona traversing cellular compartments are even less well understood. To address this
crucial bottleneck, the current work screened evolution of the intracellular protein
corona along the endocytotic pathway from blood via lysosomes to cytoplasm in cancer
cells. Intercellular proteins, including pyruvate kinase M2 (PKM2), and chaperones,
displaced some of the initially adsorbed blood proteins from the nanoparticle surface,
which perturbed proteostasis and subsequently incited chaperone-mediated autophagy
(CMA) to disrupt the key cellular metabolism pathway, including glycolysis and
lipid metabolism. Since proteostasis is key to the sustainability of cell function, its
collapse and the resulting CMA overdrive spell subsequent cell death and aging. Our
findings shed light on the consequences of the transport of extracellular proteins by
nanoparticles on cell metabolism.

protein corona | proteostasis | chaperone-mediated autophagy | cell metabolism

When nanomaterials (NMs) enter a biological fluid, the biomolecules in presence rap-
idly bind to the surface of the NMs to form a “biomolecular corona” (1). The corona
paradigm has been established since 2007 (2, 3), underscoring the acquired biological
identity of engineered NMs and impacting the therapeutic efficacy (4) and safety of
NMs as well as their biological behaviors, including cell recognition (5-7), ligand
targeting efficacy (8, 9), biodistribution (10, 11), immune modulation (12-15), and
toxicity (16-19).

Most of the current biomolecular corona studies have focused on the blood plasma/
serum, where immunoglobulins, apolipoproteins, complements, and coagulation cas-
cade biomolecules are enriched on the nanoparticle surface and critically affect the
nanoparticle-entailed pathophysiology and toxicity downstream (5-7, 20). However,
most targets of NMs for biomedical applications are at the subcellular level (21-25), and
thus, understanding NMs involvement in intracellular events is important to ensure their
therapeutic efficacy (4). To date, limited efforts have been devoted to delineating the
uptake routes, and very few studies have focused on the molecular cell biology once
the corona-coated NMs become resident in cells and/or tissues. It is already known that
the corona on polymer-coated NMs can exchange with other biomolecules that are both
internal and external to the cell (26). The nanoparticle-intracellular protein entities can
regulate the macrophage phenotype and induce a stress response of the endothelium
(27). However, nano-bio interactions occurring within the cell are still considered a
“black box” in terms of the physiological responses to NMs exposure (28-31) due to the
complexity and technical challenges involved in interrogating cellular response to a
dynamic nanoparticle—protein corona.

To clarify the biochemical properties of the intracellular protein corona, three
aspects need to be examined: 1) profile of the intracellular protein corona, which is
determined by the nature of cytoplasmic fluids; 2) evolution of the protein corona
along the entire delivery process from blood to subcellular sites of the target; and 3)
cryptic epitopes formed at the new nanoprotein interface that may trigger inappropri-
ate cell signaling events. It is well known that cellular protein profiles need to be
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controlled to maintain protein homeostasis (proteostasis) when
cells are subjected to unique stresses in the local environments
(32, 33).

In this study, we hypothesized that the transport of adsorbed
proteins (the protein corona) by NMs from outside of cells and
the release of blood proteins inside the cells due to exchange with
intracellular proteins may disturb cellular proteostasis, causing
aberrant protein stress and perturbation of cellular biological
behaviors. We found that the protein corona evolved significantly
from the plasma migrating to lysosomal fluids and subsequent
cytosolic fluids while retaining some fingerprints of their initial
characteristics corona to induce intracellular proteostasis collapse.
The cytosolic pyruvate kinase isoform M2 (PKM2) and chaper-
ones, including heat shock cognate protein 70 (HSC70) and heat
shock protein 90 (HSP90), were exchanged onto the surface of
the protein corona along the endocytotic pathway. This newly
formed nanoprotein interaction up-regulated chaperone-mediated
autophagy (CMA) activity in cells and subsequently disrupted
cell metabolism, including glycolysis and lipid metabolism. This
study suggests that it is the intracellular protein corona on the
NM surface, acquired during the dynamic evolution process
along the transport from plasma to subcellular spaces, rather than
the initial corona formed in plasma that dominates subcellular
localization of NMs and their physiological processes.

Evolution of the Intracellular Protein Corona
along the Endocytosis Pathway

To establish the dynamic intracellular protein corona of NMs,
we prepared spherical gold nanoparticles (GNPs) as a model
material (34) (SI Appendix, Fig. S1) and profiled the composi-
tion of their adsorbed proteins along the endocytotic pathway
as shown in Fig. 1. Transmission electron microscopy (TEM)
images revealed the mean size of GNPs to be 13.0 + 1.0 nm,
whereas the hydrodynamic size was around 30 nm (87
Appendix, Fig. S1 A, B, and D). Upon protein adsorption, the
zeta potential of the GNPs remained negative, but the size of
GNPs increased slightly; the ultraviolet-visible spectroscopy
absorbance peak displayed a significant red shift (S7 Appendix,
Fig. S1 C-E). GNPs were incubated with human blood plasma
(stage I) and sequentially transferred to freshly isolated lysoso-
mal (stage II) and cytosol extracts (stage III) from human
cervical carcinoma cell line (HeLa cells) in order to mimic the
internalization pathway (Fig. 14 and S/ Appendix, Figs.
$3-S5). We used GNP® (gold nanoparticle blood), GNP L
(gold nanoparticle blood-lysosome), and GNPBLC (gold nano-
particle blood-lysosome—cytosol) to indicate the three stages of
the protein corona evolution in cells. Label-free quantitative
liquid chromatography-mass spectrometry (LC-MS) was
employed to identify and quantify composition and evolution
of the protein coronas in different biological media (Dataset
S1). A decreasing protein amount on the surface of the GNPs
in lysosomes was observed, and a slight increase of the corona
(protein) amount occurred when the GNDPs entered the cytosol
(Fig. 1B). This may be due to a partial degradation of the blood
plasma—derived protein corona in the lysosomes (35) during
stage II or the result of exchange of plasma proteins for lysoso-
mal/cytosolic proteins (26). As shown in the Venn diagram
(Fig. 10), 198, 184, and 248 proteins were found within the
coronas formed on GNP®, GNPPL, and GNPBLC, respectively;
172 overlapping proteins were identified, suggesting that these
proteins were consistently present during the whole sequential
incubation process. When the GNP® entered lysosomes, 173
proteins remained unaltered, and 11 new lysosomal proteins

https://doi.org/10.1073/pnas.2200363119

appeared on the surface of GNP, The lower protein amount

and nonspecific protein population on the surface of the
GNPP" suggested that a loss of corona proteins in lysosomes
occurred via degradation of some blood plasma—derived pro-
teins rather than by exchange of proteins. On the contrary, 65
cytosolic proteins were acquired in the corona on the GNP®"
after the latter was isolated from lysosomal extracts and subse-
quently entered the cytosolic extracts, of which 22 overlapping
plasma proteins were readsorbed to the particles. Detailed pro-
tein populations corresponding to the Venn diagram are listed
in ST Appendix, Table S1 and clarified according to their loca-
tions with respect to the cell. The longer the passage taken by
the GNPs and the more biofluids the particles passed through
along the endocytotic pathway, the greater complexity the
acquired evolving corona.

According to the physiological functions of the identified
proteins, they were classified as immunoglobulin, coagulation
factors, apolipoproteins, complement proteins, acute-phase pro-
teins, and tissue leakage proteins as well as other plasma and
cellular components (SI Appendix, Fig. S6A). Among these
proteins, coagulation-related proteins were the major protein
cluster found in all investigated corona compositions, and
fibrinogen beta chain (FIBB), fibrinogen gamma chain (FIBG),
and fibrinogen alpha chain (FIBA), which are essential for
blood clot formation, were the top three most abundantly
bound proteins (SI Appendix, Fig. S6B). Apolipoproteins,
required in mammals for the assembly, secretion, and transport
of complex lipids, were also abundant, with APOA1, APOC1,
and APOH being the most abundant (87 Appendix, Fig. S6C).
The increase of tissue leakage protein in the corona from
GNP® (6.8%) to GNPP" (11.4%) is notable; however, that
value dropped to 6.4% immediately after the GNPs entering
the cytosol (SI Appendix, Fig. S6D). There were no obvious
changes in the relative abundance of each specific component
for immunoglobulins, complement proteins, and acute-phase
proteins in the three types of NP-—corona complex (87
Appendix, Fig. S6 E-G). Other proteins aside from the above-
mentioned functions were increased upon entry of the GNPs
into the endocytotic pathway (S/ Appendix, Fig. S6H). Further-
more, as expected, many cellular component proteins were
enriched on the GNPBLC (31.2%), among which chaperones
(HSP90, HSC70, and other HSP members) occupied a high
proportion (3.7%). It is worth noting that the content of
PKM2, which partic(i‘pates in glycolysis, was remarkably abun-
dant in the GNPBC (2.49%) (S/ Appendix, Fig. S61). A key
function of chaperone proteins is to prevent proteins from mis-
folding, and the proteomic results indicated that abundant
chaperone proteins were present in the corona of GNPPMC,
This implied that many proteins on the surface of nanoparticles
were unfolded. In the literature, unfolded proteins in the
corona have been shown as causative to the aggregation of
nanoparticles (36).

The top 50 most abundant coronal proteins were arranged in
the heat map and classified into three clusters (Fig. 1D). For
cluster I, the protein content showed a decreasing trend passing
from the GNP® to the GNPP'“, Specifically, fibrinogens (FIBB,
FIBG, and FIBA) displayed the most obvious downward trends
(Fig. 1E). Signaling pathway analysis revealed that most proteins
in the corona were related to the formation of fibrin clot (Fig.
1H). The protein concentrations in cluster II gradually increased
as the particles transited from lysosomal to cytosolic solutions.
These were mainly cellular component proteins, and the changes
mainly occurred during the passage of GNPs from lysosomal to
cytosolic extracts (Fig. 1F). Most of the acquired proteins were
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Fig. 1. Evolution of intracellular protein coronas along the endocytotic pathway. (A) Schematic representation of evolution of the protein corona along the
endocytotic pathway. GNP, GNPB", and GNP®'“ indicate blood plasma-derived protein corona (GNP?; stage 1), a lysosome-evolved protein corona (GNPB;
stage Il) derived from GNP that moved from blood to lysosome, and a cytosolic protein corona (GNPB-S; stage Ill) derived from GNP that escaped from the
lysosomes, respectively. Proteins were identified from the Protein Data Bank (https://www.wwpdb.org/). (B) Quantification (protein femtogram [fg] per parti-
cle) of the protein amount within the three specific protein coronas. Data are shown as mean + SD from triplicates. Proteins identified in the respective
nanoparticle coronas by LC-MS/MS from the three different incubation conditions were grouped according to the biological process known for the blood
system. *P < 0.01 indicates significance. (C) Venn diagram of the numbers of identified proteins on the GNPE, GNPB', and GNPB' surfaces. Detailed values
for all individual proteins are available in S/ Appendix, Table S1. (D) Heat map of top 50 most abundant biomolecules were clustered for the three different
corona compositions. Proteins were classified into three clusters according to the changing trend of protein relative abundance from GNP® and GNPE" to
GNPEL (from blood to lysosol to cytosol). Among them, cluster | proteins (£) showed a trend of gradual decrease, including FIBB, FIBG, and FIBA, indicating
displacement and release from the corona. (F) Cluster Il proteins displayed a trend of gradual increase, which mainly involved cellular components, like
PKM2, HSP90, and HSC70. (G) Cluster Ill proteins presented a trend of initial increase and then, decrease, indicating that some intracellular proteins with
high abundance but weak affinities for the particle surfaces were lost due to the Vroman effect. (H-/) Reactome analysis of the corresponding signaling path-
ways for E-G, respectively. (K) The binding affinity between PKM2 and GNP® was Kp = 3.76E-8 M. (L) PKM2 easily bound to the GNPB" with Kp = 8.35E-12 M.
(M) HSC70 had a strong binding affinity for GNPBLC, with Kp = 5.39E-11 M. (N) Western blot analysis of the indicated proteins (PKM2, HSP90, and HSC70) in the
adsorbed coronas of the three different GNPs.

involved in glycolysis and glucose metabolism (Fig. 1), which
are essential processes to provide energy for cellular growth. This
suggests that GNP® phagocytosis might affect the glycolysis pro-
cess of cells. The concentrations of the proteins in cluster III first
increased in lysosomal solutions and then decreased upon the
subsequent entry of the nanoparticles to the cytosolic extracts
(Fig. 1G). Innate immune system and complement pathway
proteins were revealed as the major signaling pathways in which
the proteins in cluster III were involved (Fig. 1/). These results
suggested that the intracellular microenvironments interfered
with the initial protein corona on the GNPs acquired from
blood and that the release of blood proteins from the particle
surface inside the cell (following their displacement by cellular
components) might modulate cellular signaling and disturb sub-
sequent physiological cellular processes. Deficiencies in proteo-
stasis have been shown to facilitate the progression of numerous
diseases, such as lysosomal storage disease, cystic fibrosis,

PNAS 2022 Vol. 119 No.23 2200363119

amyloidogenesis, as well as cancer (37-39). Consequences of
blood proteins being released from the GNP corona intracellu-
larly are explored next.

PKM2 and Chaperones Abundantly Exchanged
into the Intracellular Protein Corona

To maintain cellular proteostasis, chaperones sequester selective
cellular proteins and subsequently deliver them to lysosomes
(40). Among identified proteins in the cytosolic corona
(GNPBLC), chaperones, such as HSP90, HSC70, and PKM2,
are particularly interesting given their relatively high abundan-
ces in the corona (Fig. 1 7 and F) and their critical roles in
essential  physiological ~ processes. In  parallel, PKM2
was selectively identified and targeted to the lysosomes through
the interaction of HSC70 as part of, for example, tumor
progression (41).

https://doi.org/10.1073/pnas.2200363119 3 of 11
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Indeed, western blotting further revealed the dynamic change
and enrichment of HSC70, HSP90, and PKM2 on the
GNPP'C (Fig. 1N). It is well known that protein adsorption
follows the Vroman effect, whereby the most abundant proteins
generally adsorb first and are gradually replaced by less abun-
dant proteins that have a higher affinity for the nanoparticle
surface. We postulated that PKM2 and the chaperones had a
high affinity for the GNP, resulting in a remarkable increase
of the Cprotein content within the protein corona of the
GNPPC. To further confirm intracellular corona evolution
and binding affinity between the GNPs and their coronal pro-
teins, microscale thermophoresis (MST) analysis was per-
formed. The binding affinity between PKM2 and the blood
plasma—derived protein corona precoated GNP® was evaluated
to be Kp = 3.76E-8 M (Fig. 1K). Interestingly, the affinity
between PKM2 and GNPBL went up to 8.35E-12 M (Fig. 1),
mainly because of the loss of certain coronal proteins in lyso-
somes (42). Thus, there is a sharp increase of PKM2 abundance
in the corona after entry of the GNPs into the cytosol
(GNPBLY) (Fig. 1F), which could be further recognized by
HSC70. The binding affinity between GNPP and HSC70
was very high (Kp = 5.39E-11 M) (Fig. 1M) since PKM2 is
known as an HSC70-specific binding substrate containing three
KFERQ-like motifs (43). Comparably, the affinity of HSC70
with GNP® and GNPP (K, = 2.21E-9 M and Kp, = 6.34E-
8 M) was much lower due to their lower contents of PKM2 (S/
Appendix, Fig. S7). Thus, we concluded that the protein corona
pattern was determined by affinity of environmental proteins
for the GNP surface coronal proteins and biological fluids that
the NPs encountered. HSC70 is a marker for CMA (40),
which provides a hint that evolution of the protein corona may
induce more CMA.

Evolution of the Intracellular Protein Corona
Induces More CMA

CMA is known to contribute to sustaining the Warburg effect
and lipid metabolism (41, 43). PKM2 is a cytosolic protein
that regulates the rate-limiting step of glycolysis that shifts glu-
cose metabolism from normal respiratory chain to lactate pro-
duction in tumor cells (44). Thus, we postulated that evolution
of the protein corona along the endolysosomal pathway of
GNPs into the cells may cause abnormal regulation of the
CMA activity and subsequently, remodel glycolysis and lipid
metabolism of the tumor cells.

To verify our hypothesis, we examined the CMA-related
responses in Hela cells after their exposure to GNP and GNP®
(20 nM) for 24 h. The number of lysosomes within HeLa cells
increased significantly after exposure to GNP® compared with
the pristine GNP treatment (Fig. 2B). In order to identify the
role of PKM2 in corona exchange-induced enhancement of the
CMA process, we analyzed expression of key CMA-related bio-
markers by establishing PKM2 knockdown Hela cells (HeLa
PKMcells). In contrast to up-regulation of CMA observed,
PKM2-deficient cells with compromised CMA activity did not
display a noticeable up-regulation of LAMP2A and HSC70
(Fig. 2 D and E) following exposure to the GNPs. Specifically,
the increased production of lysosomes induced by GNP® was
found by lysotracker staining (Fig. 2C) and flow cytometry (57
Appendix, Fig. S8). The level of LAMP2A in the lysosomal
membrane is directly correlated with the CMA activity in intact
cells and in isolated lysosomes (45). We found that the
amounts of HSC70 and LAMP2A in Hela cells markedly
increased after treatment with GNP® compared with pristine

https://doi.org/10.1073/pnas.2200363119

GNP (Fig. 2D), thereby confirming activation of CMA by
GNP®. This was further demonstrated by western blotting,
which revealed elevated expressions of HSC70 and LAMP2A in
GNPE_treated Hela cells (Fig. 2F). However, this phenome-
non was not observed in PKM2 knockdown cells. These results
clearly demonstrated the proposed mechanism as illustrated in
Fig. 24, whereby PKM2 abundantly bound to GNP®" after the
NPs escaped from lysosomes (SI Appendix, Fig. S2); subse-
quently, HSC70 recognized the coronal PKM2 and engaged
with the KFERQ-like motif to generate a GNPPC complex
with PKM2 and HSC70 on the surface, and then, the GNPP©
complex bound to other lysosomal membranes via LAMP2A
and HSP90, leading to translocation of the complex to the
lysosomes. Finally, the whole complex was degraded in the
lysosomes, and more lysosomes were produced by the cells to
degrade the GNPP'“ complex, including remnants of their
initial blood corona. We term this process NM—protein coro-
na—induced CMA. PKM2 plays a critical role in the identifica-
tion of chaperone HSC70 and subsequent enhancement of
CMA activity. Moreover, the role of soft corona should also be
considered. The soft and hard protein coronas on the surface of
nanoparticles may account for roughly a half each in abundance
(46). Due to the high affinity of GNP and PKM2, more
PKM2 may locate in the hard corona based on the Vroman
effect. Furthermore, CMA caused by depletion of PKM2
should not be affected by the location of PKM2.

CMA-Induced Changes in Intracellular Protein
Homeostasis Perturb Cancer Cell Glycolysis

To gain further insights into the physiological effects arising
from increased CMA, we analyzed alterations in key molecular
components of cancer cell metabolic processes tightly related to
CMA (i.e., glycolysis and lipid metabolism), which have also
been identified as the key signaling pathways identified in the
cluster II set of coronal proteins (Fig. 11).

We first measured how the concentrations of key compo-
nents produced in the two processes (glycolysis and lipid
metabolism), including glucose, pyruvic acid (PA), lactic acid
(LA), and adenosine triphosphate (ATP) concentrations, were
affected by GNP and GNP® exposure. PKM2 knockdown cells
(HeLa™*™2) were used for comparison. We observed that glu-
cose consumption was significantly increased after the Hela
cell exposure to GNP®, while the corresponding PA and LA
concentrations were increased compared with the GNP-
exposed and control groups (Fig. 3 A-(C). Meanwhile, more
ATP was generated in the GNPP-treated group to sustain
growth of the tumor cells (Fig. 3D). These results indicated
that GNP® promoted aerobic glycolysis in the cells. The glycol-
ysis process is highly related to the cellular PKM2 levels. GNP®
bound more PKM2 than pristine GNP after their escape from
lysosomes, which induced occurrence of CMA and depleted
more PKM2 from the lysosomes. The decreased level of PKM2
then sped up the process of glycolysis and broke down glucose
into pyruvate, leading to an overgeneration of ATP (44). This
was further demonstrated by comparison with PKM2-defi-
cient cancer cells, where no significant increase of glucose con-
sumption, PA and LA generation, or ATP production was
observed. A significantly higher lactate dehydrogenase (LDH)
activity was found to accompany the higher concentrations of
LA (Fig. 35).

To gain a better understanding of the baseline bioenergetics
of HeLa and HeLa T2 cells, we further measured extracellular
acidification rate (ECAR) to quantify the rate of glycolysis by
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Fig. 2. Proteostasis perturbed by evolution of the intracellular protein corona activates CMA activity. (A) Schematic illustration of the CMA process induced
by GNPs depending on their corona composition. (B) TEM image of Hela cells (control) and Hela cells that had internalized GNP and GNP®. Enhanced
lysosome storage was found in Hela cells that had internalized GNP® (the zoomed-in red box in the GNP® panel). (Scale bar: 10 um.) (C) The lysosomes in
Hela (Upper) and HeLa ™2 (Lower) were tracked by lysotracker after treatment with GNP and GNP, respectively. (Scale bar: 10 xum.) (D) HSC70 and LAMP2A
expressions in Hela cells (Upper) and HeLa®™?2 cells (Lower) were detected by laser confocal microscopy. (Scale bar: 10 um.) (E) Western blot analysis of
CMA activity marker proteins (HSC70, HSP90, and LAMP2A) in Hela cells (Left) and HeLa cells with PKM2 knocked down (Right; HeLa™*M2 cells).

measurmg the dynamics of LA production. We found that the
GNP"-exposed Hela cells with their enhanced CMA activity
showed a rapid increase in ECAR compared with the control
and GNP-exposed Hela cells (Fig. 3F). Next, we added oligo-
mycin to detect the maximal glycolytic capacity. The difference
between the maximal glycolytic capacity and the level of basal
glycolysis has been defined as the glycolytic reserve. We found
that the GNP -exposed HelLa cells presented a marked increase
in ECAR compared with GNP- exposed Hela cells (87
Appendix, Fig. S94), suggesting that GNP evoked the glycolytic
capacity. However, the ECAR levels in PKM2-deficient cells
were almost identical between the GNP and GNP® treatments
(Fig. 3 Fand G and SI Appendix, Fig. S9B), with no apparent
differences between any of the treated groups. Finally,
2- deoxyglucose, a potent glycolysis inhibitor, was added, result-
1ng in all treatment groups showmg a rapid drop of ECAR levels
in normal cells, while the GNP® treatment still elicited a higher
ECAR level than the other groups in Hela cells (Fig. 3 F and
G). Overall, the results demonstrated that GNP® enhanced the
CMA activity and the subsequent glycolytic process under both
normal and limited glycolytic machinery conditions.

PNAS 2022 Vol. 119 No.23 2200363119

We next examined the levels of several key glycolytic
enzymes that are well-characterized CMA substrates. We
observed a marked increase in the messenger RNA (mRNA)
levels of 3-phosphoglycerate  kinase (PGKI) aldolase
(ALDOA), and hexokinase (HK1) in the GNP® -exposed Hela
cells (Fig. 3 H-J). We also found a slight increase of PGK1 and
HK1 for the GNP®-exposed Hela™ "™ cells (Fig. 3 H-)),
which revealed that in addition to PKM2, these two enzymes
also participated in the CMA process. The higher expressions
of HK1 and ALDOA in the GNPP-exposed HeLa cells were
confirmed by western blotting; however, no significant differ-
ences were observed in GNP and GNP"-exposed HeLa™*™?
cells (Fig. 3K). Since some of the glucose was transformed into
acetyl-coenzyme A (CoA), a key chemical involved in cellular
energy production, we also measured the expression of acetyl-
CoA and found a greater expressmn of acetyl-CoA in GNP"-
exposed Hela cells than that in GNP-exposed and control
Hela cells (Fig. 3K). This can be attributed to the enhanced
CMA activity induced by GNP® exposure, promoting glycolysis
to produce more PA and enhance the citric acid cycle and then,
generating more acetyl-CoA flux to the cytosol for lipid synthesis.

https://doi.org/10.1073/pnas.2200363119 5 of 11
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Fig. 3. Increased CMA activity leads to enhanced glycolysis in tumor cells. For the detection of glycolysis, we exposed tumor cells to GNP and GNP® for
24 h—both HeLa and PKM2 knocked down Hela cells (HeLaP*M?)—with serum-free medium. (4) Quantification of glucose concentration in the whole cellular
lysates with the glucose test kit. The lower the glucose concentration, the more it has been consumed by the cells. (B) LA content of the whole cellular
lysates was measured using an LA test kit. (C) Pyruvate content of whole-cell lysates was detected with a pyruvate detection kit. (D) ATP content in whole-cell
lysates was detected using an ATP detection kit. All values in A-D represent mean + SD (n = 3). () LDH activity in the cytoplasm was detected using an LDH
kit, which is a marker enzyme in glycolysis corresponding to the LA concentration. ECAR was monitored using the Seahorse XF24 Extracellular Flux Analyzer
in real time for (F) Hela cells and (G) HeLa™™? cells. Values represent mean + SEM (n = 3). 2-DG, 2-deoxyglucose; OM, oligomycin. (H-/) mRNA expression
levels of the key enzymes PGK1, ALDOA, and HK, which were positively correlated with the glycolysis ability (n = 3 biologically independent). (K) Western blot
analysis of the indicated glycolysis enzymes (HK1, ALDOA) and the generated acetyl-CoA. (L-P) mRNA expression of genes encoding PI3K, AKT, mTOR, HIF1aq,
and cMYC, which belong to the PI3K signaling pathway in glycolysis (n = 3 biologically replicates). (Q) Schematic illustration of the GNPE-induced enhance-
ment of CMA-induced glycolysis and the role of the PI3K signaling pathway in this process. TCA, tricarboxylic acid cycle. Data are shown as mean + SD (n =
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3). Statistical significance was tested with a two-tailed, unpaired Student's t test. *P < 0.05; **P < 0.01; ***P < 0.001. NS, no significance.

In contrast, no obvious differences among groups were found in
the HeLa™*™? cells.

The phosphoinositide 3-kinase (PI3K) signaling pathway is
closely linked to glucose metabolism (44). In this pathway, PI3K
activates protein kinase B (AKT), which stimulates glycolysis by
directly regulating glycolytic enzymes and by activating mamma-
lian target of rapamycin (mTOR). mTOR then affects metabo-
lism in a variety of ways (e.g., affecting the glycolytic phenotypes
by enhancing hypoxia-inducible factor 1 [HIF1] activity). Cellu-
lar-myelocytomatosis viral oncogene (cMYC) cooperates with HIF
in activating several genes that encode glycolytic proteins. We
found that PI3K expression at the mRNA level was significantly
enhanced by fourfold after GNP® exposure (Flg 3L). The mRNA
levels of AKT, mTOR, HIFla, and cMYC in the cells were all
markedly up-regulated after GNP® exposure compared with that
after GNP exposure (Fig. 3 M-P). These results indicate that the
GNP"-induced CMA activity strengthened and promoted glycoly-
sis through activation of the PI3K-AKT-mTOR-HIF1-cMYC
signal pathway (Fig. 3Q).

https://doi.org/10.1073/pnas.2200363119

Enhanced CMA Altered Lipid Metabolism in
Tumor Cells

It has been proposed that aerobic glycolysis is the core cellular
metabolic process that provides cancer cells with energy and
building blocks for macromolecule synthesis, such as carbohy-
drates, proteins, lipids, and nucleic acids (47). To further inves-
tigate the CMA-induced metabolic changes in cancer cells,
metabolomics was performed to identify metabolic anomalies
and provide quantitative information about the steady-state
abundance of intermediates in order to provide an overview of
the metabolic network and its perturbation to CMA in cancer
cells.

Here, metabohc changes to Hela cells induced by control,
GNP, and GNP® were determined by LC-MS on positive and
negative ion modes. Principal component analysis (PCA) was
able to discriminate between GNP®/control- or GNP?/GNP-
exposed cells, revealing both the original nanoparticles and the
protein corona—induced, CMA-induced metabolic changes
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(Fig. 4 A and B). Volcano plots showed significant differences
in metabolites between the comparison groups (Fig. 4 C and
D). These altered metabolites were further classified based on
the Human Metabolome Database (Fig. 4F). The data revealed
that most of the changes occurred for lipids and lipids-like mol-
ecules, which accounted for 36.6 and 57.1% of the total differ-
ential metabolites in the two detection modes, respectively.
Moreover, we found that the relative abundances of 3-oxotetra-
decanoyl-CoA and tetradecanoyl-CoA, which belong to the
long-chain fatty acyl-CoA that contributed to lipogenesis, were

>
oy

significantly increased in the GNP® treatment groups (Fig. 4 G
and H), which agreed with results above (Fig. 3K). These
results suggested that CMA-induced collapse of cancer cell
metabolism occurred mainly by disruption of lipid metabolism
following release of blood proteins intracellularly from the
GNP corona.

In addition, a comprehensive bioinformatic pathway analysis
was carried out for the differentially expressed metabolites based on
the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
database. We observed that the altered metabolites were mostly
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Fig. 4. Metabolomic analysis of enhancement of CMA and consequent promotion of changes in tumor cell metabolism. HeLa cells were treated with GNP
and GNP®B for 24 h and then, collected for metabolomic detection by LC-MS. (A) PCA of the GNPB vs. control (GNPB/control) in positive-ion (Left) and
negative-ion (Right) modes, respectively (n = 6 for each individual group). +, positive-ion mode; —, negative-ion mode. PC, principal component. (B) PCA of
GNP vs. GNP (GNPB/GNP) in positive-ion (Left) and negative-ion (Right) modes, respectively (n = 6 for each individual group). (C) Volcano map of the differ-
ence analysis of GNP® and control groups. (Left) Positive-ion mode. (Right) Negative mode (n = 6). (D) Volcano map of the difference analysis of GNP® and
GNP groups (n = 6). (E) Relative abundance of metabolites categories with significant differences between GNP® vs. GNP (GNPB/GNP; n = 6 for each individ-
ual group). (F) Significant enrichment analysis of corresponding pathways with KEGG pathway enrichment analysis for the GNP® vs. control groups and
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as determined by LC-MS. (/) Expression levels of ELOVL1, FASN, INSIG1, SCAP, and SCD mRNA were quantified by real-time PCR, indicating that multiple lipid
metabolism-regulating genes were up-regulated with the increased CMA activity (n = 3 biologically independent). Data are shown as mean + SD. Statistical
significance was tested with a two-tailed, unpaired Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001. NS, no significance. (/) Schematic illustration of evolu-
tion of the intracellular protein corona from blood plasma to cytoplasm, which resulted in enhanced CMA activity of cancer cells, affecting the glycolytic pro-

cess and further accelerating lipid metabolism. ER, endoplasmic reticulum.
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Fig. 5. Lipid metabolomics analysis of the enhancement of CMA, which promotes changes in tumor tissue metabolism. HeLa cells were subcutaneously inocu-
lated in BALB/C female nude mice, and GNP and GNP® were administered intratumorally twice at days 7 and 9 (n = 3 for each group). Tumor tissues were col-
lected for nontargeted lipidomic analysis based on LC-MS. (4) PCA for the three tumor tissue groups, indicating differences between control, GNP, and GNPE treat-
ments. PC, principal component. (B) A comparative analysis of the differentially expressed metabolites was summarized in a Venn diagram, with each circle
representing one of the treatment groups, the number in the circle representing the number of unique metabolites, and the numbers in the overlaps represent-
ing the number of common or shared metabolites. (C) Volcano plots of the differentially expressed metabolites in the indicated groups using a Student's ¢ test
combined with multivariate analysis of the orthogonal partial least squares discrimination analysis (OPLS-DA) method to screen the differences between groups
of metabolites (that meet the condition of variable importance in projection VIP > 1; P value < 0.05). FC, fold change; VIP, variable importance in projection. (D)
Cluster trend lines in which the expression trend of each subcluster is presented as a broken line chart. The x axis indicates the sample group, and the y axis
shows the amount of the metabolites expressed. Each gray line represents a metabolite, and the bright lines represent an average expression of all metabolites
in the subcluster. Each figure shows one type of expression pattern: that is, the trend of changes in the expression of metabolites in this group. (£) A bubble dia-
gram of the KEGG pathway enrichment analysis of different metabolites in the GNP and GNP® groups. The colors indicate the significance of enrichment, with a
darker color indicating a more significant enrichment of the pathway, while the color gradient on the right indicates the P value. (F and G) Representative imaging
mass spectrometry analysis showing the spatial distribution of apparently highly expressed lipid components in the tumor slices. (Scale bars: 1 mm.)

enriched in the fatty acid synthesis— and metabolism-related path-
ways, including biosynthesis of unsaturated fatty acids, fatty acid
elongation, and degradation (Fig. 4F). Enhanced lipogenesis in
cancer cells is caused by up-regulation of lipid-metabolizing
enzymes (48). Acetyl-CoA carboxylase A produces malonyl-CoA,
which is used by fatty acid synthase (FASN) to produce palmitate
de novo. The produced fatty acids can be elongated by elongases
such as ELOVLI (elongation of very long—chain fatty acid-like
1), an elongating saturated lipid, and/or desaturated by desaturases
such as SCD (stearoyl-CoA desaturase). In addition, insulin-
induced gene 1 (INSIG1) and sterol regulatory element—binding
protein cleavage—activating protein (SCAP) participate in lipid
metabolism regulation (49). Thus, to confirm the effect of GNP
on promoting fatty acid metabolism, the expression of genes
related to fatty acid biosynthesis, elongation, and degradation were
quantified by real-time PCR as shown in Fig. 47 Expressions of
FASN, SCD, INSIG, SCAP, and ELOVL mRNA were exclu-

sively increased after GNP® exposure, and this was not observed

https://doi.org/10.1073/pnas.2200363119

in HeLa™*™? cells, suggesting that GNP® promoted synthesis of
fatty acids. Taken together, our results indicated that evolution of
the protein corona as the GNP passed from blood plasma to cyto-
plasm and the resulting intracellular exchange of corona proteins,
which led to shedding of blood proteins inside the cell, enhanced
the CMA activity of Hela cells, thereby affecting the glycolytic
process and further accelerating lipid metabolism as illustrated in

Fig. 4/

Demonstration of CMA-Mediated Lipid Meta-
bolic Alteration at the Tissue Level

Measuring lipid species and their metabolism and understanding
the pathways involved are crucial to fully understand cellular
metabolism. Almost 30% of the proteins identified as CMA sub-
strates participate in lipid metabolism, predominantly in triglycer-
ide synthesis, steroid metabolism, and lipid binding and transport
(50, 51). Deficiency in CMA promotes lipid accumulation in
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Fig. 6. Schematic illustration of evolution of the GNP-protein corona from the blood to the intracellular space and the exchange with cellular proteins and
chaperones triggering an elevated CMA activity, which selectively remodels cellular metabolism. ACACA, acetyl-CoA carboxylase A; TCA, tricarboxylic acid cycle.

macrophages potentially through regulating enzymes involved in
lipid metabolism (52). Lipidomics enables large-scale study of lip-
ids using the prmc1ples of analytical chemistry (53). To verify the
effect of GNPP-induced CMA activity enhancement on tumor
lipid metabolism, lipidomics detection was performed at the
tumor tissue level in this study. We first established the tumor
model by inoculating HeLa cells subcutaneously in mice, admin-
istered GNP and GNP® into the tumor tissue 1ntratumorally,
and then, collected tumor tissues for lipidomics using ultraper-
formance LC-MS.

The PCA score plot showed a clear separatlon between all
groups, indicating that GNP and GNP?® treatments caused dif-
ferent perturbations in the lipidomic profiles in the tumor tis-
sues (Fig. 54 and SI Appendix, Fig. S10). In total, 94 and 67
lipids were significantly altered by the GNP and GNP® treat-
ments, respectively. Presence of the plasma protein corona on
the GNPs significantly altered 86 lipids (Fig. 5B). Twenty-nine
lipids overlapped among the treatments and control groups, as
detailed in S/ Appendix, Table S3. The volcano plot (Fig. 5C)
showed that the numbers of up- and down-regulated lipids
were almost similar in all paired groups. A full list of

PNAS 2022 Vol. 119 No.23 2200363119

significantly changed lipids in GNP®/control and GNP®/GNP
is provided in SI Appendix, Table S4.

We next analyzed the cluster trend lines for the differentially
expressed lipids as shown in Fig. 5D. We found that the amounts
of up-/down-regulated lipid metabolites were similar for the
GNP"/control comparison groups at 30 and 35, respectively.
The 53 lipids displayed in subcluster 1 showed an obvious
up-regulation with GNPP/GNP, while 33 lipids belonging to
subcluster 2 showed a clear downward trend, indicating the effect
of the protein corona on lipid metabolism. In addition, exposure
of GNPs promoted the up-regulation of 43 lipids and down-
regulated 53 lipids. Detailed information on the metabolites is
listed in ST Appendix, Tables S5-S7. KEGG pathway enrichment
analysis showed that the significantly differently expressed lipids
were mostly enriched in glycerophospholipid and sphingolipid
metabolism pathways (Fig. 5F). Additionally, choline metabolism
in the cells was changed significantly, which revealed that the syn-
theses of phosphaudylcholme and sphingomyelin were affected
by the GNP® exposure.

Matrix-assisted laser desorption/ionization—mass spectrome-
try imaging is an advanced technique that combines mass
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spectrometry and imaging that are capable of obtaining the spa-
tial distribution (spatial resolution down to 20 ym) of mole-
cules, such as proteins, peptides, lipids, drugs, and metabolites,
in a single tissue of interest (54-56). Using this technique, we
evaluated spatial distribution of significantly changed lipids as
detected by the lipidomics. In the positive-ion mode (Fig. 5F),
we found that the spatial distributions of lysophosphatidylcho-
line(16:0), phosphatidylcholine (PC)(16:0/16:1), and PC(16:0/
18:1) as well as phosphatidylethanolamine (PE)(18:0/22:6)
were quite extensive in the GNP treatment group compared
with the control and GNP® groups. Notably, the invasion of
the GNPs resulted in a large distribution of PC(14:0/16:0),
PC(16:0/16:1), PC(16:0/18:2), and PC(16:0/18:0) within the
tumors, while they were mainly distributed in the tumor epi-
dermis in the controls groups. PE(18:0/22:6) was distributed in
the inner tumor in the untreated control, but the intensity
increased rapidly after injection of the GNPs and GNP®, In
parallel, we observed bountiful phosphatidyl-inositol (PI)(16:0/
18:1) and PI(18:1/18:1) spread throughout the whole tumor
tissue after treatment with GNP and GNP® during the
negative-ion mode imaging (Fig. 5G). Specially, Torvoside D
and phosphoethanolamine(18:1/18:2) increased remarkably fol-
lowing the GNP exposure. In addition, PE(16:1/18:1) and
PI(18:0/20:4) were expressed 51gn1ﬁcantly more at the epider-
mic tumor tissues following GNP® exposure. Taken together,
we concluded that the GNPs significantly disrupted metabo-
lism of tumor tissues and promoted synthesis of phospholipids
compared with the untreated control group.

Conclusions

In summary, this study revealed a previously unknown effect of
intracellular exchange of protein corona components on CMA
activation as a result of proteostasis disruption. The enhanced
CMA activity arising from shedding of blood proteins intracel-
lularly was further identified by determining the cellular metab-
olism at both cellular and tissue levels (Fig. 6). In brief, as
nanoparticles migrated from the bloodstream into cells, the
nanoparticles would disassociate part of their acquired blood
proteins, which were replaced by cellular proteins due to their
higher affinity for the nanoparticles’ surface. This intracellular
transformation of the protein corona further modulated
nanoparticle-induced biological processes, including proteosta-
sis and metabolic stress responses, especially glycolysis and lipid
metabolism. This alteration of cell metabolism was caused by
the interplay of coronal proteins with other molecules in the
cellular environments. PKM2, a key molecule for cellular
metabolism, was incorporated into the nanoparticles corona
and subsequently dominated their biological identity.

For NMs used as nanomedicines or nanocarriers, a better
understanding of the “biological identity” of their intracellular
protein corona is crucial to ensure their biological benefits
while minimizing their potential hazards. Biologically, proteo-
stasis is central to cell function, and its disruption, as revealed
by the current study, entails profound implications for
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