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RESEARCH PAPER

An integrative multi-omics approach uncovers the regulatory role of CDK7 and 
CDK4 in autophagy activation induced by silica nanoparticles
Chen Ruan a,*, Chenwei Wang a,*, Xuanqing Gongb,*, Ying Zhang a, Wankun Deng a, Jiaqi Zhoua, 
Dengtong Huang b, Zining Wang c, Qiong Zhang a, Anyuan Guoa, Jiahong Lud, Jinhao Gaob, Di Peng a, 
and Yu Xue a

aKey Laboratory of Molecular Biophysics of Ministry of Education, Hubei Bioinformatics and Molecular Imaging Key Laboratory, Center for Artificial 
Intelligence Biology, College of Life Science and Technology, Huazhong University of Science and Technology, Wuhan, China; bState Key Laboratory of 
Physical Chemistry of Solid Surfaces, the MOE Key Laboratory of Spectrochemical Analysis and Instrumentation, the Key Laboratory for Chemical 
Biology of Fujian Province, and Department of Chemical Biology, College of Chemistry and Chemical Engineering, Xiamen University, Xiamen, China; 
cState Key Laboratory of Oncology in South China, Collaborative Innovation Center for Cancer Medicine, Sun Yat-Sen University Cancer Center, 
Guangzhou, China; dState Key Laboratory of Quality Research in Chinese Medicine, Institute of Chinese Medical Sciences, University of Macau, Taipa, 
SAR

ABSTRACT
Dysfunction of macroautophagy/autophagy has been postulated as a major cellular toxicological response to 
nanomaterials. It has been reported that excessive autophagy activation, induced by silica nanoparticles 
(SiNPs), contributes to autophagy dysfunction, whereas little is known how SiNPs trigger autophagy activation. 
Here, we treated normal rat kidney (NRK) cells using 3 different sizes of SiNPs (16, 29, and 51 nm) and observed 
that 16-nm SiNPs, with a final concentration of 60 μg/mL, dramatically induce autophagy activation without 
reducing cell viability. We further conducted a transcriptomic, proteomic, and phosphoproteomic profiling, 
and detected 23 autophagy-related (Atg) genes and 35 autophagy regulators regulated on at least one omic 
layer. To identify key regulators from the multi-omics data, we developed a new algorithm of computational 
prediction of master autophagy-regulating kinases (cMAK) to detect 21 candidates and revealed the CDK7- 
CDK4 cascade to be functional. The silence or inhibition of Cdk7 or Cdk4 significantly attenuated autophagic 
activation but not influenced autophagic flux blockage induced by 16-nm SiNPs. Further computational 
modeling indicated that the CDK7-CDK4 signaling axis potentially triggers autophagy activation by phosphor-
ylating RB1 (RB transcriptional corepressor 1), activating two critical transcription factors, E2F1 (E2F transcrip-
tion factor 1) and FOXO3 (forkhead box O3), and enhancing the transcriptional levels of at least 8 Atg genes and 
autophagy regulators in response to SiNPs. Our studies not only established a powerful method for predicting 
regulatory kinases from the multi-omics data but also revealed a potential mechanism of SiNP-triggered 
autophagy activation through modulating the CDK7-CDK4 cascade.

Abbreviations: 3-MA: 3-methyladenine; Atg: autophagy-related; BECN1: beclin 1; CCK-8: cell counting kit-8; 
CDK4: cyclin dependent kinase 4; CDK7: cyclin dependent kinase 7; cMAK: computational prediction of 
master autophagy-regulating kinases; CQ: chloroquine; DMEM: Dulbecco’s modified Eagle’s medium; DMSO: 
dimethyl sulfoxide; E-ratio: enrichment ratio; E2F1: E2F transcription factor 1; EBSS: Earle’s balanced salt 
solution; ER: endoplasmic reticulum; FOXO3: forkhead box O3; FPKM: fragments per kilobase of exon 
per million fragments mapped; GO: gene ontology; H2O2: hydrogen peroxide; iGPS: in vivo GPS; KEGG: 
Kyoto Encyclopedia of Genes and Genomes; LC-MS/MS: liquid chromatography–tandem mass spectrometry; 
LDH: lactate dehydrogenase; MAP1LC3B/LC3: microtubule associated protein 1 light chain 3 beta; NRK: 
normal rat kidney; p-site: phosphorylation site; PBS: phosphate-buffered saline; PDI: polydispersity index; 
PTM: post-translational modification; QKS: quantitative kinase state; RB1: RB transcriptional corepressor 1; 
RBHs: reciprocal best hits; RNA-Seq: RNA sequencing; ROS: reactive oxygen species; rSiNPs: SiNPs fluores-
cently labeled with rhodamine B; SEM: scanning electronic microscopy; SiNPs: silica nanoparticles; siRNA: 
small interfering RNA; SQSTM1/p62: sequestosome 1; ssKSR: site-specific kinase-substrate relation; TEM: 
transmission electron microscopy; tfLC3: mRFP-GFP tandem fluorescent-tagged LC3.
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Introduction

Macroautophagy (hereafter referred to as autophagy) is a highly 
conserved lysosome-based degradative pathway in eukaryotic cells 

[1–5]. Autophagy plays an important role in the removal of 
damaged organelles, misfolded proteins, aggregates, and/or 
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intercellular pathogens [1–6]. The process of autophagy begins at 
phosphatidylinositol synthase-enriched endoplasmic reticulum 
(ER) subdomains, following with the engulfment of cytoplasmic 
contents by the autophagosomes, which are then delivered and 
fused with the lysosomes to form autolysosomes [5,7,8]. 
Lysosomal enzymes subsequently digest the engulfed intercellular 
contents, and the degradation products are eventually recycled for 
reuse in the cytoplasm [5,8,9]. As the core machinery of autop-
hagy, protein products of autophagy-related (Atg) genes synergis-
tically orchestrate the autophagic process, and their cellular 
functions are dynamically regulated by multiple types of post- 
translational modifications (PTMs), such as phosphorylation, ubi-
quitination, and acetylation [3,4]. Autophagy can be induced by 
various stimuli, including nutrient deprivation, oxidative stress, 
hypoxia, and chemical reagents [4,5,10]. In particular, excessive 
autophagy activation and the inhibition of autophagic flux usually 
result in autophagy dysfunction, which is closely associated with 
a large number of human diseases, such as neurodegenerative 
disorders, autoinflammatory diseases, and cancer [5,11,12].

With the advance of nanotechnology, silica nanoparticles 
(SiNPs) have been widely utilized as engineered nanomaterials 
and have attracted great interests in a variety of biomedical 
applications, such as biosensing, bioimaging, drug delivery, 
disease diagnosis, and therapy [13–16]. The cellular uptake of 
different types of SiNPs is mainly mediated by 3 distinct endo-
cytic pathways [13,14,17–20]. SiNPs larger than 0.2 μm enter 
phagocytes and non-phagocytic cells by phagocytosis and 
macropinocytosis, respectively [18–20]. SiNPs less than 
200 nm are mainly endocytosed via clathrin-mediated process, 
whereas SiNPs less than 80 nm can be internalized through 
caveolae/lipid raft-mediated endocytosis [17–20]. Internalized 
SiNPs show cytotoxic effects and enhance a variety of stress 
stimuli, such as DNA damage stress, ER stress, and reactive 
oxygen species (ROS) [13,14,18,20–25]. Also, SiNPs induce 
autophagy activation in various mammalian cell lines, such as 
human lung epithelium cell line BEAS-2B [14], colon cancer 
cell line HCT-116 [17], normal hepatic cell line L-02 [22], as 
well as murine RAW264.7 macrophages [24] and preosteoblast 
cell line MC3T3-E1 [19]. The induction of autophagy activity 
depends on size, dose, time, and/or cell type [18,21,25–27], and 
excessive autophagy activation was demonstrated to be 
involved in autophagy dysfunction, which has been proposed 
as a major cellular toxicological response to the treatment of 
SiNPs [20–23,25]. The triggering mechanisms of SiNP-induced 
autophagy activation remained to be dissected.

In this work, we first evaluated the biological consequences of 
normal rat kidney (NRK) cells treated with 3 sizes of SiNPs, 
including 16 ± 2.3 nm, 29 ± 3.3 nm, and 51 ± 4.5 nm with 
a final concentration of 60 or 120 μg/mL. Although all tested 
SiNPs triggered autophagy, 16-nm SiNPs at 60 μg/mL dramati-
cally induced autophagy activation potently without significantly 
cytotoxic effects on cell survival. To dissect the triggering 
mechanisms of SiNP-induced autophagy activation, here, we 
systematically conducted a time-course quantification of tran-
scriptomes, proteomes, and phosphoproteomes in NRK cells 
treated with 16-nm SiNPs at 60 μg/mL for 0, 8, 16, 20, and 
24 h. From the multi-omics data, we detected 6,059 genes, 
1,452 proteins, and 1,660 phosphoproteins differentially regu-
lated by the treatment of 16-nm SiNPs. The enrichment analyses 

of gene ontology (GO) annotations indicated that numerous 
biological processes were simultaneously regulated on ≥ 2 omic 
layers, and the results suggested a synergistic regulation of acti-
vated signaling pathways on different layers in response to 16-nm 
SiNPs. Strikingly, we found up to 23 Atg genes, and 35 autophagy 
regulators were significantly modulated in at least one omic layer. 
To reveal key regulators, namely, protein kinases, in signaling 
pathways, we developed a new algorithm of computational pre-
diction of master autophagy-regulating kinases (cMAKs) for the 
integration and analysis of the multi-omics data. Using cMAK, 
21 protein kinases were predicted to be potentially involved in 
the regulation of autophagy activation induced by SiNPs. We 
performed additional experiments to validate the 21 predicted 
kinases. Unexpectedly, we discovered two kinases, CDK4 (cyclin 
dependent kinase 4) and CDK7 (cyclin dependent kinase 7) [28], 
to be functionally essential for autophagy activation triggered by 
16-nm SiNPs. Knockdown or inhibition of Cdk4 or Cdk7 blocked 
the lipidation of an autophagy marker, MAP1LC3B/LC3 (micro-
tubule associated protein 1 light chain 3 beta), to greatly diminish 
the protein expression of LC3-II and decreased the number of 
GFP-LC3 puncta upon SiNP treatment, without influencing 
autophagic flux blockage induced by 16-nm SiNPs. Together, 
our studies not only revealed that the CDK7-CDK4 axis plays 
a potential role in regulating SiNP-induced autophagy but also 
produced a highly powerful approach for the inference of reg-
ulatory kinases from the multi-omics data. We anticipate such 
a strategy of multi-omics profiling, coupled with bioinformatics 
predictions, can be extended for analyzing the biological effects 
of other types of autophagy modulators.

Results

The induction of autophagy by SiNPs is size- and 
dose-dependent

As previously described, 3 sizes of carboxylated SiNPs were 
synthesized via the Stöber method [29]. Surface engineering 
with carboxylate was performed in an alkaline solution. The 
morphology of SiNPs was directly observed by scanning electro-
nic microscopy (SEM), and the diameters of synthesized SiNPs 
were determined as 16 ± 2.3 nm, 29 ± 3.3 nm, and 51 ± 4.5 nm, 
respectively (Figure 1A). The zeta potentials, hydrodynamic 
diameters, and polydispersity index (PDI) values of the 3 sizes 
of SiNPs were measured by dynamic light scattering, respectively 
(Table S1). The negative zeta potentials of all SiNPs were less 
than −29 mV (Table S1), indicating the stability of SiNPs in 
dispersed media [30]. To further evaluate the stability of synthe-
sized SiNPs in a near-physiological environment, the 3 sizes of 
SiNPs were individually incubated in Dulbecco’s modified 
Eagle’s medium (DMEM) in the absence or presence of 10% 
fetal bovine serum. From the results, no significant protein 
corona formation and SiNP agglomeration were observed 
based on dynamic light scattering detection [24], which ensured 
the consistency between the solution and cellular environment 
(Figure 1B).

To analyze the cellular effect induced by SiNPs with different 
sizes, NRK cells stably expressing GFP-LC3 (GFP-LC3 NRK 
cells) were treated with SiNPs for 0, 16, 20, and 24 h with 
a final concentration of 60 or 120 μg/mL. All the 3 sizes of 
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SiNPs can induce autophagy activation (Figure 1C), and the 
results were consistent with previous studies [14,17–19,23,24]. 
Also, we found that 16-nm SiNPs could efficiently induce the 
accumulation of GFP-LC3 puncta more potently in contrast 

with other sizes of SiNPs (Figure 1C). Next, we monitored 
autophagy induction through detecting LC3-II in NRK cells 
treated with the 3 sizes of SiNPs with the final concentration of 
60 μg/mL for 24 h, respectively. The immunoblotting analysis 

Figure 1. The effect of SiNPs with different sizes and doses on the induction of autophagy activation. (A) The morphology of 16-nm, 29-nm, or 51-nm SiNPs was 
observed using SEM. (B) The stability of synthesized SiNPs in near-physiological environment. (C) GFP-LC3 NRK cells were treated with 3 different sizes of SiNPs for 0, 
16, 20, and 24 h and observed under the confocal microscopy. Scale bar: 5 μm. (D) NRK cells were incubated with the 3 sizes of SiNPs for 24 h or EBSS for 3 h, and (E) 
the protein levels of LC3-II were analyzed by immunoblotting. The relative expression of LC3-II was evaluated by the ratio of LC3-II:ACTB. (F) GFP-LC3 NRK cells were 
incubated with 16-nm rSiNPs at 60 μg/mL for 0, 3, 8, 16, 20, and 24 h, stained by Hoechst 33342 and imaged by laser scanning confocal microscopy. The rSiNP (red), 
GFP-LC3 (green), and Hoechst 33342 staining of the nuclei (blue) were shown. Scale bar: 5 μm. (G) TEM images of NRK cells treated with 16-nm SiNPs at 60 μg/ml for 
24 h. Red arrow, double-membrane autophagosome; Yellow arrow, single-membrane autolysosome. (H) NRK cells were treated with the 3 sizes of SiNPs for 24 h with 
a final concentration of 0, 60, 120, 240 or 480 μg/mL, and the cell viability was measured by CCK-8 assay. * p < 0.05; ** p < 0.01.
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showed that all SiNPs robustly enhanced the LC3-II level. Again, 
16-nm SiNPs promoted the accumulation of LC3-II to a much 
stronger extent (Figure 1D,E). By using protein bands of ACTB 
in Figure 1D, the band detection was verified to be within 
a linear range (Figure S1A).

To analyze the spatial and temporal distribution of 16-nm 
SiNPs after the cellular uptake, we synthesized 16-nm SiNPs 
fluorescently labeled with rhodamine B (rSiNPs), which were 
incubated with GFP-LC3 NRK cells for 0, 3, 8, 16, 20, and 
24 h, respectively. From the confocal images, we found that 
the amount of internalized SiNPs had been gradually 
increased since 3 h (Figure 1F). At time points of 16, 20, 
and 24 h, we observed that 16-nm SiNPs at 60 μg/mL were 
extensively dispersed in the cytosol without entering the 
nuclei, and a strong colocalization between rSiNPs and GFP- 
LC3 were detected (Figure 1F). In particular, the increase of 
numbers of GFP-LC3 puncta during the autophagic process 
indicated that 16-nm SiNPs potentially induced autophago-
some accumulation after autophagy activation (Figure 1C,F). 
Furthermore, we obtained transmission electron microscopy 
(TEM) images from NRK cells treated with 16-nm SiNPs after 
24 h. We found that electron-dense SiNPs were highly accu-
mulated in autophagosomes and autolysosomes, as well as 
distributed in the cytoplasm (Figure 1G). Thus, SiNPs were 
potentially engulfed by the autophagosomes and then fused 
with the lysosomes, and the results were consistent with pre-
vious reports [22,25].

In addition, to assess the biosafety of SiNPs, NRK cells 
were separately treated with the 3 sizes of SiNPs for 24 h with 
a final concentration of 0, 60, 120, 240, or 480 μg/mL. For 
each assay, the cell viability was evaluated by using cell count-
ing kit-8 (CCK-8) and LDH (lactate dehydrogenase) assays, 
respectively (Figures 1H and S1B). We observed that the 
incubation of the 3 sizes of SiNPs at 60 or 120 μg/mL did 
not influence the NRK cell survival, which was dramatically 
decreased upon the increased concentration of 240 or 480 μg/ 
mL (Figures 1H and S1B). Also, 16-nm SiNPs at 240 or 
480 μg/mL reduced the cell viability to a more significant 
extent in contrast with the other sizes of SiNPs (Figures 1H 
and S1B). Thus, our results supported that SiNPs reduced cell 
viability in both size- and dose-dependent manners.

16-nm SiNPs block autophagic flux through inhibiting 
lysosomal degradation

It was proposed that autophagosome accumulation might be 
attributed to enhanced autophagy activation or autophagic flux 
blockage [5,18,22]. To test whether SiNPs block autophagic flux, 
we measured the protein expression of SQSTM1/p62 (sequesto-
some 1), a widely used marker for monitoring autophagic flux, in 
NRK cells treated with the 3 sizes of SiNPs with a final concen-
tration of 60 μg/mL for 24 h, respectively. We found that only 
16-nm SiNPs significantly upregulated the SQSTM1 level and 
potentially blocked autophagic flux (Figure 2A,B). To evaluate 
autophagy activation and inhibition of autophagic flux, NRK 
cells were incubated with 16-nm SiNPs at 60 μg/mL for 0, 8, 16, 
20, and 24 h, respectively. The immunoblotting results showed 
that the protein level of LC3-II had been significantly enhanced 
since the 16th hour (Figure 2C,D). In contrast, the SQSTM1 

expression level had been statistically upregulated since the 8th 

hour (Figure 2C,E). In this regard, both enhanced autophagy 
activation and autophagic flux blockage might contribute to 
autophagosome accumulation.

Next, we simultaneously monitored the autophagy activa-
tion and autophagic flux by performing the monomeric RFP 
(mRFP)-GFP tandem fluorescent-tagged LC3 (tfLC3) fluores-
cence analysis [5,31,32]. In this assay, the GFP fluorescence 
will be rapidly quenched in the acidic and/or proteolytic 
conditions of lysosomal compartments. In contrast, mRFP is 
more stable and continues to fluoresce in red. In the merged 
fluorescent images, yellow and red puncta could be measured 
for the quantification of autophagosomes and autolysosomes, 
respectively. Then, the value of red dots:total dots (yellow and 
red dots) could be calculated as the ratio of autophagic flux vs. 
autophagy induction [5,31,32]. Using untreated cells as the 
control, NRK cells expressing tfLC3 were treated with Earle’s 
balanced salt solution (EBSS) for 2 h, and 16-nm SiNPs at 
60 μg/mL for 3, 8, 16, and 24 h (Figure 2F). After normal-
ization with untreated cells, the ratio of autophagic flux vs. 
autophagy induction in EBSS-induced autophagy was deter-
mined as 1.13, and the ratio values were decreased to 0.75, 
0.53, 0.52, and 0.33 in 16-nm SiNP-treated cells for 3, 8, 16, 
and 24 h, respectively (Figure 2G). These results supported 
that 16-nm SiNPs promoted autophagy induction but blocked 
autophagic flux.

Next, NRK cells were treated with 16-nm SiNPs with a final 
concentration of 0, 30, 60, or 90 μg/mL for 24 h, in the absence 
or presence of the 8 h pre-treatment with 3-methyladenine 
(3-MA), an inhibitor of the class III phosphatidylinositol 
3-kinase (PtdIns3 K) that blocks autophagic/lysosomal protein 
degradation [5]. In the context of the 3-MA pre-treatment, the 
protein level of LC3-II was reduced in untreated and SiNP- 
treated cells (Figure 2H,I), indicating the early stage of autop-
hagy was blocked by 3-MA [5]. However, we found that the 
protein expression of SQSTM1 was only increased in cells 
treated with 16-nm SiNPs at 0 and 30 μg/mL but not at higher 
doses (Figure 2H,J). Thus, a lower dose of 16-nm SiNPs influ-
enced autophagic flux to a much less extent, whereas higher 
doses effectively blocked autophagic flux that was not addi-
tionally inhibited by 3-MA. Moreover, we treated NRK cells 
with 16-nm SiNPs at 0, 30, 60, or 90 μg/mL for 24 h, with or 
without the 8 h pre-treatment of chloroquine (CQ), an inhi-
bitor of autophagic flux or lysosomal degradation [5]. With the 
CQ pre-treatment, the LC3-II and SQSTM1 levels were not 
significantly changed in cells treated with 60 and 90 μg/mL 
SiNPs, in contrast with lower doses (Figure 2K–M). Thus, 
SiNPs with higher doses efficiently blocked autophagic flux 
through the inhibition of lysosomal degradation. Together, 16- 
nm SiNPs at 60 μg/mL could not only induce autophagy 
activation but also block autophagic flux by inhibiting lysoso-
mal degradation, and the results were consistent with previous 
reports [20–23,25].

A time-series multi-omics profiling of NRK cells treated 
with 16-nm SiNPs at 60 μg/mL

From the above results, we found that 16-nm SiNPs with 
a final concentration of 60 μg/mL could efficiently induce 
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autophagy activation and block autophagic flux (Figures 1C–F 
and 2), without significantly influencing the viability of NRK 
cells (Figures 1H and S1B). To probe the molecular changes 

during SiNP-induced autophagy, we conducted a time-series 
quantification of transcriptomes, proteomes, and phospho-
proteomes in NRK cells treated with 16-nm SiNPs with 

Figure 2. The 16-nm SiNPs block autophagic flux through inhibiting lysosomal degradation. (A) NRK cells were incubated with the 3 sizes of SiNPs for 24 h or EBSS 
for 3 h, and (B) the protein levels of SQSTM1 were analyzed by immunoblotting. The relative expression of SQSTM1 was evaluated by the ratio of SQSTM1:ACTB. (C) 
NRK cells were stimulated with 16-nm SiNPs at 60 μg/mL for 0, 8, 16, 20, and 24 h. The total protein levels of (D) LC3-II and (E) SQSTM1 were measured by 
immunoblotting, and the relative expression of LC3-II or SQSTM1 was evaluated by the ratio of LC3-II:ACTB or SQSTM1:ACTB, respectively. (F) tfLC3 NRK cells were 
treated with EBSS for 2 h or 16-nm SiNPs at a final concentration of 60 μg/mL for 0, 3, 8, 16, and 24 h. Fluorescent images were shown, while numbers of red dots 
and total dots (yellow and red dots) were quantified per cell. Scale bar: 5 μm. (G) In each treatment, ≥ 30 cells were counted, whereas the ratio of autophagic flux vs. 
autophagy induction was determined by using untreated cells for normalization. (H) NRK cells were pre-treated with 5 mM 3-MA for 8 h and followed by 16-nm SiNP 
treatment at a final concentration of 0, 30, 60, or 90 μg/mL for 24 h. The protein levels of (I) LC3-II and (J) SQSTM1 were measured by immunoblotting assay, and the 
relative expression of LC3-II or SQSTM1 was calculated by the ratio of LC3-II:ACTB or SQSTM1:ACTB, respectively. (K) NRK cells were pre-incubated by 10 μM CQ for 
8 h, and then incubated by 16-nm SiNPs at a final concentration of 0, 30, 60, or 90 μg/mL for 24 h. The protein levels of (L) LC3-II and (M) SQSTM1 were measured by 
immunoblotting assay, and the relative expression of LC3-II or SQSTM1 was calculated by the ratio of LC3-II:ACTB or SQSTM1:ACTB, respectively. * p < 0.05.
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60 μg/mL for 0, 8, 16, 20 and 24 h (Figure 3A). To ensure the 
data quality and reproducibility, 3 biological replicates were 
performed. Transcriptomes of the 15 cell samples were pro-
filed by using the RNA sequencing (RNA-Seq) technology, 
and we mapped 1.17 × 109 sequenced reads to the genome of 
Rattus norvegicus (Figure 3B). In total, 17,655 rat genes 
(61.45% of the coding transcriptome) were mapped with at 
least one read, with an average of 15,700 genes per sample 
(Figure S1C). For each mapped gene, the fragments per kilo-
base of exon per million fragments mapped (FPKM) value 
was calculated (Table S2), and the distribution of gene expres-
sion profiles was quite similar at 5 different time points, with 
an average FPKM value of 53.0 (Figure 4A).

The label-free technology was adopted to quantify proteomes 
and phosphoproteomes through liquid chromatography–tan-
dem mass spectrometry (LC-MS/MS) (Figure 3A). MaxQuant 
[33], a mainstream proteomics software package, was utilized for 
processing the proteomic and phosphoproteomic data (Figure 
3B). In total, 58,141 non-phosphorylated peptides and 7,355 
phosphopeptides were quantitatively identified from the 15 

samples. To test the reliability of the data, we checked the raw 
MS/MS data and found that 46,979 protein peptides (80.80%) 
and 6,324 phosphopeptides (85.98%) could be traced and 
matched by ≥ 2 spectral counts (Figure 4B). The average spectral 
counts were 12.7 and 20.8 for all non-phosphorylated peptides 
and phosphopeptides, indicating most of the quantification 
results to be highly reliable. For the proteomic data, all peptides 
were mapped to their corresponding protein sequences. Then, 
we obtained 6,205 unique proteins (Table S3), and 94.33% of 
them were mapped with ≥ 2 peptides (Figure S1D). We also 
mapped phosphopeptides to proteins and obtained 8,362 non- 
redundant phosphorylation sites (p-sites) of 2,673 proteins 
(Figure S1E and Table S4), including 7,222 phosphoserine 
(p-S), 1,090 phosphothreonine (p-T) and 50 phosphotyrosine 
(p-Y) residues (Figure S1F). A comparison of the p-sites across 
the 5 time points demonstrated that similar numbers of phos-
phorylation events were quantified during SiNP-triggered 
autophagy (Figure 4C), and a similar result was also observed 
at the phosphoprotein level (Figure S1G). To further assess the 
reliability of phosphoproteomic profiling, all quantified p-sites 

Figure 3. Experimental procedure of the study. (A) A multistep flowchart of sample preparation, multi-omics profiling, data integration, potentially autophagy- 
regulating kinase prediction, and experimental validation for SiNP-induced autophagy. (B) The computational analyses of the transcriptomic, proteomic and 
phosphoproteomic data.
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were compared to 5 public phosphorylation databases, including 
dbPAF [34], dbPTM [35], Phospho.ELM [36], PhosphoSitePlus 
[37], and UniProt [38]. From the results, we found that 6,180 
(72.33%) of our p-sites were covered by at least one database 
(Figure 4D), and such a high overlapping rate indicated most of 
the identifications to be highly confident p-sites.

The analysis of differentially regulated mRNAs, proteins 
and p-sites during autophagy

Using the 0 h data as the background, differentially regulated 
biomolecules in 8, 16, 20, and 24 h were computationally 
detected in mRNA, protein, and phosphorylation levels. Two 
widely used tools, Cufflinks [39] and Perseus [40], were 

Figure 4. A summary of quantified transcriptomes, proteomes, and phosphoproteomes. (A) The distribution of FPKM values for the identified mRNAs during SiNP-induced 
autophagy. (B) The distribution of MS/MS spectral counts of non-phosphorylated peptides (Pro.) and phosphopeptides (Phos.) quantified in this study. (C) The overlap of p-sites 
quantified at 5 time points. (D) The comparison of p-sites quantified in this study with known p-sites in public databases. (E) The enrichment of known and potential autophagy 
regulators in differentially regulated mRNAs, proteins (Pro.), and phosphoproteins (Phos.). (F) Atg genes and autophagy regulators differentially altered in at least one omic level. 
(G) The GO-based enrichment results of biological processes that were differentially regulated on the mRNA, protein, and phosphoprotein levels.
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adopted for detecting the differentially regulated genes and 
proteins, separately (Figure 3B). For the phosphoproteomic 
data, a well-established normalization strategy of global cen-
tering was individually used to normalize the average intensity 
value of all p-sites into 1 (Mean = 1) for each sample [41] 
(Figure 3B). Then, p-sites with phosphorylation changes of > 
1.5- or < 0.67-fold were directly taken as potentially up- or 
downregulated p-sites in 8, 16, 20, or 24 h against the 0 h, 
respectively. Finally, we identified 6,059 genes, 1,452 proteins, 
and 3,564 p-sites in 1,660 phosphoproteins to be preferentially 
altered after the exposure to SiNPs, respectively.

To exploit the correlation between autophagy and differ-
entially regulated molecules, we first took 1,060 rat proteins 
potentially involved in autophagy from a previously developed 
database of THANATOS [3]. Using the hypergeometric test, 
the enrichment analyses demonstrated that differentially regu-
lated mRNAs, proteins, and phosphoproteins were all statis-
tically associated with autophagy (p-value < 10−15, Figure 4E). 
Moreover, we compiled a high-quality benchmark data set 
containing 34 Atg genes and 55 well-documented autophagy 
regulators from previous studies (Table S5) [3,42]. Strikingly, 
we found that up to 23 (67.65%) Atg genes and 35 (63.64%) 
autophagy regulators were differentially regulated on at least 
one omic layer (Figure 4F).

Next, GO-based enrichment analyses were performed to 
detect the top 5 biological processes potentially regulated by 
SiNPs (p-value < 10−11, Figure 4G). Interestingly, we observed 
that 3 biological processes, including RNA splicing (GO: 
0008380), mRNA processing (GO: 0006397), and translation 
(GO: 0006412), were simultaneously enriched at two omic 
layers. Thus, our results demonstrated that the activated sig-
naling pathways at different omic levels might be synergisti-
cally orchestrated in response to SiNPs. Collectively, our 
results not only characterized the dynamic landscape of Atg 
genes and autophagy regulators during SiNP-induced autop-
hagy but also pinpointed the altered biological pathways dra-
matically disturbed by nanoparticles.

Prediction of autophagy-regulating kinases from the 
multi-omics data

In this study, we developed a 3-step algorithm of cMAK to inte-
grate the transcriptomic, proteomic, and phosphoproteomic data 
sets for the computational inference of potentially key regulators, 
namely, protein kinases that participate in regulating SiNP- 
induced autophagy (Figure 5). First, we adopted a previously 
developed tool of in vivo GPS (iGPS 1.0) [43] to predict the site- 
specific kinase-substrate relations (ssKSRs) for all quantified 
p-sites. In our results, 349 rat kinases were predicted to modify 
at least one p-site, and 1,325 p-sites (15.51%) were predicted to be 
regulated by at least one kinase. Since phosphorylation events 
faithfully memorize the actions of their regulatory kinases, the 
change of a kinase state can be intuitively reflected from the 
changes of its substrates, together with phosphorylation levels. 
Thus, we raised a concept of quantitative kinase state (QKS), 
which was calculated by adding normalized intensity values for 
p-sites of each kinase. In the second step, by using the 0 h phos-
phoproteomic data as the control, we carried out a pairwise deter-
mination of kinases with significantly changed QKS values in 8, 16, 

20, and 24 h (p-value < 0.0001). To ensure the data quality, only 29 
differentially altered kinases detected in ≥ 3 time points were 
reserved (Figure 6A).

The QKS value is an indirect measurement of the kinase state. 
Previous studies indicated that the protein kinase expression at 
transcriptional and translational levels, as well as its own phos-
phorylation, were essential for sustaining its appropriate biolo-
gical functions [44,45]. Thus, the changes in mRNA, protein, 
and phosphorylation levels of kinases should be considered. 
From the 29 predicted kinases, we found 5, 3, and 7 kinases 
with significantly changed mRNAs, proteins, and p-sites, respec-
tively (Figure 6B). In addition, we carefully curated the literature 
and found that 13 kinases were previously reported in regulating 
autophagy (Figure 6B). For example, Zalckvar et al. discovered 
DAPK1 (death associated protein kinase 1) phosphorylates 
BECN1 (beclin 1) at T119 to promote autophagy induction 
[46]. Also, Ber et al. reported that DAPK2 (death associated 
protein kinase 2) represses the mechanistic target of rapamycin 
kinase complex 1 (MTORC1) to increase autophagy activation 
[47]. These kinases might also play roles in SiNP-triggered 
autophagy activation. Finally, 8 predicted kinases without any 
additional evidence were singled out, and the remaining 21 
kinases were taken as potential autophagy-regulating kinases 
(Figure 6B and Table S6).

From our predictions, a network was illustrated to investi-
gate the relations between the 21 kinases and their 299 pre-
dicted substrates. We found that up to 12 kinases belong to the 
CDK kinase family, including CDK2, CDK4, CDK5, CDK6, 
CDK7, CDK9, CDK12, CDK13, CDK16, CDK17, CDK18, and 
CDKL5, indicating a potential role of CDKs in SiNP-induced 
autophagy (Figure 6C). For a better understanding of the 
regulatory roles of the 21 kinases, a Kyoto Encyclopedia of 
Genes and Genomes (KEGG)-based enrichment analysis was 
performed for their phosphorylated substrates, and numerous 
biological pathways were detected to be significantly enriched 
(p-value < 10−7). Interestingly, we found that most of these 
signaling pathways were validated to be closely associated with 
autophagy. For example, the most enriched pathway was the 
AMPK signaling pathway (KEGG ID: 04152), which was 
reported to be crucial in autophagy activation [4]. Moreover, 
both the insulin signaling pathway (KEGG ID: 04910) and the 
insulin resistance pathway (KEGG ID: 04931) were also known 
to participate in regulating autophagy [48,49]. Thus, our ana-
lyses not only supported the reliability of cMAK predictions 
but also indicated that one or multiple candidate kinases might 
be important in SiNP-autophagy (Figure 6D).

CDK4 and CDK7 are essential for SiNP-induced 
autophagy activation

Based on the data analysis of cMAK, we predicted 21 protein 
kinases to be potentially involved in SiNP-induced autophagy 
activation. To verify the predictions, we used a small interfer-
ing RNA (siRNA) library by designing 3 different siRNA 
duplexes for targeting each predicted kinase. In total, 63 
siRNAs were generated (Table S7A), and NRK cells were 
individually transfected and incubated with a siRNA duplex 
for 48 h, followed by the treatment of 16-nm SiNPs with 
a final concentration of 60 μg/mL for 24 h. As a readout of 
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autophagy activation, the protein level of LC3-II was detected 
by the immunoblotting analysis, and 3 independent experi-
ments were conducted for each siRNA-mediated knockdown 
assay. From the results, we found that the knockdown of 4 
kinases, including Cdk4, Csnk2a2 (casein kinase 2 alpha 2), 
Cdk7, and Prkaa2 (protein kinase AMP-activated catalytic 
subunit alpha 2), induced a > 2-fold decrease of the LC3-II 
level upon SiNP treatment, with at least one siRNA (Figure 
7A). Since the potential functional roles of only Cdk4 and 
Cdk7 were supported by 2 siRNAs, we anticipated the 2 
kinases to be bona fide regulators in SiNP-induced autophagy 
activation, with higher confidence.

The biological functions of protein kinases mainly depend on 
their kinase activities. If CDK4 and CDK7 are truly involved in 
the regulation of SiNP-induced autophagy activation, their 
kinase activities might exhibit significant changes upon SiNP 

treatment. Previously, CDK4 was demonstrated to be activated 
and phosphorylated by CDK7 at T172, and CDK7 was activated 
and modified by CDK2 at T170 in Homo sapiens [28,50,51]. 
Thus, their equivalent p-sites in rat CDK4 and CDK7 are T172 
and T171, of which phosphorylation levels are positively corre-
lated with their corresponding kinase activities. From the phos-
phoproteomic data, the phosphorylation of CDK4 T172 was not 
found, and the phosphorylation of CDK7 T171 was only 
detected in the 20 h samples (Table S4). Since the phosphopro-
teomic data was far from integrative, we probed the phosphor-
ylation levels of CDK4 T172 and CDK7 T171 by using the 
immunoblotting assay. At the same time, the protein expressions 
of the 2 kinases were also detected in the following studies.

To further confirm the potential roles of CDK4 and CDK7, we 
next assessed whether the silence of endogenous Cdk4 and Cdk7 
would repress autophagy activation upon 16-nm SiNP treatment. 

Figure 5. The overview of the 3-step cMAK algorithm. First, ssKSRs were predicted for all quantified p-sites to pinpoint potential substrates for each kinase. Then, the 
QKS value of each kinase was calculated, and the total QKS score was summed up for each time point. The statistical significance was evaluated through Yate’s chi- 
squared test. Finally, the transcriptomic, proteomic, and phosphoproteomic data of predicted kinases, as well as the literature evidence, were considered to reduce 
potentially false-positive hits.
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We used 3 Cdk4- or Cdk7-specific siRNAs to interfere with the 
Cdk4 or Cdk7 expression for 48 h, respectively, and revealed that 
2 of the 3 siRNAs effectively inhibited the protein expression of 
endogenous CDK4 (Figure S2A) or CDK7 (Figure S2B). Using 
effective siRNAs, we found that the knockdown of Cdk4 drama-
tically reduced the LC3-II level, as well as protein and phosphor-
ylation levels of CDK4, when NRK cells were treated with 16-nm 
SiNPs at 60 μg/mL for 24 h (Figure 7B–E). The similar results 
were obtained after knocking down Cdk7, in which the protein 
and phosphorylation levels of CDK7 and the LC3-II level were 
significantly decreased (Figure 7F–I). In addition, we analyzed 

whether CDK4 and CDK7 are critical for SiNP-induced autop-
hagy activation in other mammalian cells. Two human cell lines, 
including HeLa and HepG2 cells, were separately transfected 
with siRNAs specifically designed for human CDK4 or CDK7 
(Table S7B) and followed by the treatment of 16-nm SiNPs at 
60 μg/mL for 24 h. Besides the decrease of protein and phosphor-
ylation levels, knocking down CDK4 or CDK7 significantly 
reduced the protein expression of LC3-II in the 2 cell lines 
(Figure S2C–R). In this regard, our results demonstrated that 
both CDK4 and CDK7 are essential for SiNP-induced autophagy 
activation in mammalian cells.

Figure 6. The prediction of potentially regulatory kinases in SiNP-induced autophagy. (A) Among the 4 samples of 8, 16, 20, and 24 h, QKS values of 29 kinases were 
significantly changed in ≥ 3 time points, against the 0 h sample. (B) Predicted kinases without any additional evidence were removed, and in total, 21 kinases were 
prioritized as potentially regulatory kinases. (C) The network between 21 kinases and their substrates was predicted by iGPS. (D) The KEGG-based enrichment analysis 
of biological pathways for the substrates of the 21 kinases.
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Next, we examined the effects of Cdk4 or Cdk7 knockdown in 
autophagosome accumulation. After the silence of Cdk4 or Cdk7 
for 48 h, GFP-LC3 NRK cells were treated with 16-nm SiNPs at 
60 μg/mL for 0, 16, 20, and 24 h. We found the knockdown of 

Cdk4 or Cdk7 had significantly reduced the GFP-LC3 puncta since 
the 16th hour (Figure 7J–M). Furthermore, we used rSiNPs to treat 
Cdk4 or Cdk7 silenced GFP-LC3 NRK cells for 0, 16, 20, and 24 h, 
respectively. Besides the decrease of GFP-LC3 puncta, we also 

Figure 7. Two kinases CDK4 and CDK7 function in autophagy activation induced by SiNPs. (A) NRK cells were transfected with siRNA for 48 h and then incubated 
with 16-nm SiNPs at 60 μg/mL for 24 h. The protein level of LC3-II was detected by immunoblotting, and the relative expression of LC3-II was measured by the ratio 
of LC3-II:ACTB. (B) The effect of Cdk4 knockdown on LC3-II accumulation in NRK cells incubated with 16-nm SiNPs. The protein levels of (C) LC3-II, (D) CDK4, and (E) 
p-CDK4 were measured by immunoblotting, and the relative expression of LC3-II, CDK4, or p-CDK4 were calculated by the ratio of LC3-II:ACTB, CDK4:ACTB, or p-CDK4: 
ACTB. (F) The effect of Cdk7 knockdown on LC3-II accumulation in NRK cells incubated with 16-nm SiNPs. The protein levels of (G) LC3-II, (H) CDK7, and (I) p-CDK7 
were measured by immunoblotting, and the relative expression of LC3-II, CDK7, or p-CDK7 was calculated by the ratio of LC3-II:ACTB, CDK7:ACTB, or p-CDK7:ACTB. (J) 
GFP-LC3 NRK cells were transfected with Cdk4-specific siRNAs and followed by 16-nm SiNPs treatment. Scale bar: 10 μm. (K) The GFP-LC3 puncta were observed and 
measured by confocal microscopy, and the number of GFP-LC3 puncta was quantified in ≥ 30 cells at 16 h. (L) GFP-LC3 NRK cells were transfected with Cdk7-specific 
siRNA and followed by 16-nm SiNPs treatment at 60 μg/mL. Scale bar: 10 μm. (M) The GFP-LC3 puncta were observed and measured by confocal microscopy, while 
the number of GFP-LC3 puncta was quantified in ≥ 30 cells at 16 h. NC, negative control; * p < 0.05; ** p < 0.01.
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observed a decreased number of yellow dots merged from the co- 
localization of rSiNPs and the GFP-LC3 puncta (Figure S3A–D). 
The results indicated CDK4 and CDK7 contribute to autophago-
some accumulation through SiNP-induced autophagy activation.

To determine whether CDK4 and CDK7 are also involved in 
the autophagic flux blockage, we knocked down the Cdk4 or Cdk7 
mRNAs of NRK cells in the absence or presence of 8 h pre- 
treatment with CQ and followed by the treatment of 16-nm 
SiNPs at 60 μg/mL for 24 h. Upon the CQ pre-treatment, the 
immunoblotting results showed that knockdown of Cdk4 or Cdk7 
did not influence the significant decrease of the LC3-II level in 
SiNP-treated cells (Figure S3E–J). In this regard, our results sup-
ported that Cdk4 and Cdk7 were required for autophagy activation 
but not autophagic flux blockage in NRK cells treated with SiNPs.

The kinase inhibitor specific for CDK4 or CDK7 blocks 
SiNP-induced autophagy activation

Next, we investigated whether inhibition of the kinase activity 
of CDK4 or CDK7 would block or attenuate SiNP-induced 
autophagy activation by using two small-molecule com-
pounds of ON123300 and THZ1 that specifically inhibit 
CDK4 and CDK7, respectively [52,53]. The GFP-LC3 NRK 
cells were incubated with the inhibitor ON123300 for 24 h, 
followed by the treatment of 16-nm SiNPs for 0, 12, 16, 20, 
and 24 h, respectively. From the results, we observed that the 
number of GFP-LC3 puncta in cells treated with ON123300 
was significantly diminished over that of untreated cells after 
12 and 16 h (Figure 8A,B). A similar result was also obtained 
when GFP-LC3 cells NRK were incubated with ON123300 
and followed by the treatment of rSiNPs (Figure S4A,B). 
The immunoblotting analysis revealed that the protein level 
of LC3-II was reduced, whereas both protein and phosphor-
ylation levels of CDK4 were also decreased with the incuba-
tion of ON123300, followed by the treatment of 16-nm SiNPs 
(Figure 8C–F). In the context of 8 h pre-treatment with CQ, 
we found that the inhibition of Cdk4 did not influence the 
significant decrease of the LC3-II level in SiNP-treated cells 
(Figure S4C–F).

The same procedure was conducted for CDK7 by using its 
specific inhibitor of THZ1. The fluorescent assay demonstrated 
that autophagosome accumulation was greatly slowed down 
when the cells were exposed to THZ1 for 24 h (Figure 8G, H). 
When THZ1 blocked CDK7 in GFP-LC3 NRK cells with rSiNP 
treatment, we also observed that there was a significant decrease 
in the number of GFP-LC3 puncta, as well as yellow dots merged 
from the co-localization of rSiNPs and GFP-LC3 puncta (Figure 
S5A,B). Further immunoblotting results indicated that the inhi-
bition of CDK7 decreased the LC3-II level (Figure 8I–L). In the 
absence or presence of 8 h pre-treatment with CQ, we found that 
the inhibition of Cdk7 did not alter the significant decrease of the 
LC3-II level in SiNP-treated cells (Figure S5C–F).

Together, our results demonstrated that the inhibition of 
CDK4 or CDK7 kinase activity dramatically attenuated autophagy 
activation by SiNPs. We concluded that protein kinases CDK4 and 
CDK7 play an important role in the regulation of SiNP-induced 
autophagy activation but not autophagic flux blockage.

SiNP-induced intracellular stresses contribute to CDK7 
and CDK4 activation

It has been reported that various intracellular stresses, includ-
ing DNA damage stress, ER stress, and ROS, can be stimu-
lated by internalized nanoparticles to participate in triggering 
excessive autophagy activation [17,22,23]. Thus, there might 
be a potential link between SiNP-induced stresses and the 
activation of CDK7 and CDK4 for autophagy induction.

According to the GO- and KEGG-based enrichment analyses 
for the multi-omics data, we found that a GO biological process 
of cellular response to DNA damage stimulus (GO: 0006974) 
(Figures 4G and S6A) and a KEGG pathway of base excision 
repair (KEGG ID: 03410) were enriched in at least one omic 
layer (Figure S6B). Thus, DNA damage stimulus might be 
involved in the activation of CDK7 or CDK4 upon SiNP treat-
ment. To test this hypothesis, we incubated NRK cells for 24 h 
with etoposide, a widely used DNA damage inducer [5], in the 
absence or presence of 8 h pre-treatment with CQ. We found 
that etoposide incubation significantly enhanced the protein 
level of LC3-II and promoted the protein and phosphorylation 
levels of CDK7 and CDK4 (Figure 9A–F). The blockage of 
autophagic flux by CQ did not influence the molecular changes 
of CDK7 and CDK4 (Figure 9A–F).

Also, we observed a GO term of response to endoplasmic 
reticulum stress (GO: 0034976) and a KEGG pathway of 
protein processing in the endoplasmic reticulum (KEGG ID: 
04141) were statistically over-represented in 2 omic layers 
(Figure S6A,B). Previously, Wei et al. reported SiNPs accu-
mulated in the ER to trigger autophagy activation [17]. In 
order to test whether ER stress contributes in activating CDK7 
or CDK4, we treated NRK cells for 6 h with tunicamycin, an 
ER stress inducer [5], in the absence of or presence of CQ pre- 
treatment for 8 h. Upon tunicamycin treatment, the LC3-II 
level was increased, and protein levels of both CDK7 and 
CDK4 were elevated (Figure 9G–L). However, the phosphor-
ylation level of CDK7 but not CDK4 was increased, indicating 
that the kinase activity of CDK7 was upregulated by tunica-
mycin. Again, adding CQ did not influence the results of 
CDK7 and CDK4 (Figure 9G–L).

Moreover, a GO term of response to reactive oxygen species 
(GO: 0000302) and a KEGG pathway of oxidative phosphorylation 
(KEGG ID: 00190) were enriched in at least one omic layer (Figure 
S6A,B), indicating that ROS might also participate in CDK4 or 
CDK7 activation. Thus, we used hydrogen dioxide (H2O2), 
a commonly used ROS inducer [54], to treat NRK cells for 6 h in 
the absence or presence of CQ pre-incubation for 8 h. Our results 
showed that H2O2 treatment increased the LC3-II level, as well as 
the protein levels of both CDK7 and CDK4 (Figure 9M–R). It 
should be noted that H2O2 activated only CDK4 but not CDK7, 
and the pre-treatment of CQ did not alter the results of CDK7 and 
CDK4 (Figure 9M–R).

In addition, we observed a GO term or KEGG pathway 
named endocytosis (GO: 0006897 and KEGG ID: 04144) were 
significantly over-represented at the mRNA, protein, and 
phosphorylation levels (Figure S6A,B). Thus, after the inter-
nalization of SiNPs, various cellular stimuli, such as DNA 
damage stress, ER stress, and ROS, might be induced to 
promote CDK7 and CDK4 activation synergistically.
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Discussion

Autophagy plays important but divergent roles in various physio-
logical and pathological processes, such as embryonic develop-
ment, nutrient deficiency, neurodegenerative disorders, and 

cancer [1–5]. Previous studies reported that the endocytosis of 
SiNPs elevates a variety of stress stimuli, such as ROS, ER stress, 
and DNA damage [13,14,18,20–25], and subsequently induces 
autophagy activation in mammalian cells [14,17,19,22,24]. It was 
reported that both excessive autophagy activation and autophagic 

Figure 8. The inhibition of CDK4 or CDK7 by kinase inhibitors blocks autophagy activation induced by SiNPs. (A) GFP-LC3 NRK cells were incubated with the inhibitor 
ON123300 for 24 h, and then treated with 16-nm SiNP at 60 μg/mL for 0, 12, 16, 20 or 24 h. Scale bar: 10 μm. (B) The GFP-LC3 puncta were observed and measured by 
confocal microscopy, and the number of GFP-LC3 puncta was quantified in ≥ 30 cells. (C) The immunoblotting analysis of the LC3-II expression in NRK cells, which were 
treated with ON123300 or DMSO for 24 h and then stimulated by 16-nm SiNPs. The relative expression of (D) LC3-II, (E) CDK4 or (F) p-CDK4 was calculated by the ratio of LC3- 
II:ACTB, CDK4:ACTB or p-CDK4:ACTB, respectively. (G) GFP-LC3 NRK cells were incubated with the inhibitor THZ1 for 24 h and then treated with 16-nm SiNP at 60 μg/mL for 0, 
12, 16, 20 or 24 h. Scale bar: 10 μm. (H) The GFP-LC3 puncta were observed and measured by confocal microscopy, and the number of GFP-LC3 puncta was quantified in ≥ 30 
cells. (I) The immunoblotting analysis of LC3-II in NRK cells, which were treated with THZ1 or DMSO and then stimulated by 16-nm SiNPs. The relative expression of (J) LC3-II, 
(K) CDK7 or (L) p-CDK7 was calculated by the ratio of LC3-II:ACTB, CDK7:ACTB or p-CDK7:ACTB, respectively. * p < 0.05; *** p < 0.001.
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flux blockage contribute to SiNP-mediated autophagy dysfunc-
tion [20,22,25], and SiNPs block autophagic flux through inhibit-
ing lysosomal acidification and degradation [20–23]. Although 
the exact mechanisms of how SiNPs activate autophagy are not 

clear, it was reported that at least 4 ATG genes including ATG5, 
ATG12, BECN1, and LC3, as well as 3 autophagy regulators, 
including SQSTM1, MTOR, and BCL2 (B cell leukemia/lym-
phoma 2 apoptosis regulator), are affected upon SiNP treatment 

Figure 9. SiNP-induced intracellular stresses contribute to CDK7 and CDK4 activation in NRK cells. (A) NRK cells were pre-incubated with 10 μM CQ for 8 h, and then 
stimulated by 0.1 μM etoposide for 24 h. The relative expression of (B) LC3-II, (C) CDK4, (D) p-CDK4, (E) CDK7, or (F) p-CDK7 was calculated by the ratio of LC3-II:ACTB, 
CDK4:ACTB, p-CDK4:ACTB, CDK7:ACTB, or p-CDK7:ACTB, respectively. (G) NRK cells were pre-treated with 10 μM CQ for 8 h, and followed by 0.1 μg/mL tunicamycin 
treatment for 6 h. The relative expression of (H) LC3-II, (I) CDK4, (J) p-CDK4, (K) CDK7, or (L) p-CDK7 was calculated by the ratio of LC3-II:ACTB, CDK4:ACTB, p-CDK4: 
ACTB, CDK7:ACTB, or p-CDK7:ACTB, respectively. (M) NRK cells were pre-incubated with 10 μM CQ for 8 h, and then stimulated by 10 μM H2O2 for 6 h. The relative 
expression of (N) LC3-II, (O) CDK4, (P) p-CDK4, (Q) CDK7, or (R) p-CDK7 was calculated by the ratio of LC3-II:ACTB, CDK4:ACTB, p-CDK4:ACTB, CDK7:ACTB, or p-CDK7: 
ACTB, respectively. * p < 0.05.
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[19,22,23,25,27,42]. Here, we carried out a multi-omics profiling 
of transcriptomes, proteomes, and phosphoproteomes during 
SiNP-induced autophagy, and observed that 23 Atg genes and 
35 autophagy regulators were significantly changed in at least one 
omic layer (Figure 4F and Table S5). Four previously reported 
genes of Becn1, Lc3, Sqstm1, and Mtor were covered by our results.

Size, dose, and time are crucial factors to determine SiNP- 
triggered cellular responses, which can be very different upon 
various treatments in distinct mammalian cells [18,19,21,25,27]. 
For example, Li et al. found that cytotoxic effects were significantly 
induced in human BEAS-2B cells, which were treated with 40-nm 
or 60-nm SiNPs with a final concentration of 12.5 or 25 μg/mL for 
24 h. Under the same conditions, the 2 sizes of SiNPs induced 
autophagy dysfunction through excessive autophagy activation 
and autophagy flux blockage [25]. Also, Marquardt et al. revealed 
that the induction of autophagy activation after treatment by 
SiNPs was time- and dose-dependent in RAW264.7 macrophages 
and a low concentration of 30 μg/mL with 6 h treatment signifi-
cantly reduced cell survival [24]. It should be noted that they used 
12-nm SiNPs, which were agglomerated with a hydrodynamic 
diameter of 220 nm in DMEM. Thus, the 3 sizes of SiNPs used in 
our study might be internalized mainly through the caveolae/lipid 
raft-mediated endocytosis. In contrast, Marquardt’s 220-nm 
SiNPs might enter the RAW264.7 macrophages through phago-
cytosis and/or the clathrin-mediated process. In addition, Zhao 
et al. generated a pulmonary fibrosis animal model by anesthetiz-
ing the Institute of Cancer Research male mice at 6 weeks with 
chloral hydrate and instilling the mice with 27-nm SiNPs at a dose 
of 5.0 mg/kg that was reported to induce a fibrogenic effect [55]. 
They found 27-nm SiNPs were accumulated in instilled mouse 
lung tissues, and that autophagy dysfunction and subsequent 
apoptosis in the alveolar epithelial cells were involved in SiNPs- 
induced pulmonary fibrosis [55].

In contrast to autophagy dysfunction, SiNP-induced autophagy 
can also be non-cytotoxic or even beneficial to cells. For example, 
Nowak et al. discovered 20-nm SiNPs induced autophagy activa-
tion in human A549 cells but did not show significant cytotoxic 
effects with a final concentration of < 250 μg/mL at 72 h [27]. Also, 
Ha et al. treated murine MC3T3-E1 cells by 50-nm SiNPs at 60 μg/ 
mL for 20 h, which induced autophagy activation and autophago-
some formation to increase bone mineral density and promote 
differentiation and mineralization of osteoblasts, with 
a therapeutic but not a cytotoxic effect [19]. Interestingly, they 
individually inhibited the 3 endocytic pathways and found that 
only the caveolae/lipid raft-mediated pathway was required for the 
internalization of SiNPs in the osteoblasts [19]. Previously, we 
synthesized 8 types of silica sub-microspheres with a diameter of 
0.1, 0.2, 0.5, 0.7, 0.9, 1.1, 1.4, and 2.1 μm. Treated with a final 
concentration of 60 μg/mL for 24 h, we found that 0.5–0.7 μm 
silica particles induced the highest levels of autophagy activity 
among all particles, and typical structures of micropinocytosis 
were observed by SEM imaging during the endocytic process of 
silica sub-microspheres [18]. Thus, nano- and submicron-sized 
silica particles enter cells dependent on the different endocytic 
pathways, which differentially influence the following autophagic 
effects [18,20].

From the results, we observed that 16-nm SiNPs efficiently 
entered GFP-LC3 NRK cells after 3 h (Figure 1F). Thus, 16-nm 
SiNPs might fit the caveolae/lipid raft-mediated pathway better 

than larger sizes, have strength in cellular uptake efficiency on 
the premise of the same concentration and be relatively induce 
autophagy activation easier. Also, we found that 16-nm SiNPs at 
60 μg/mL promote autophagy activation but inhibit autophagic 
flux (Figures 1C–F and 2) without decreasing cell survival 
(Figures 1H and S1B). With the help of cMAK, we predicted 
and discovered two protein kinases, CDK4 and CDK7, in reg-
ulating SiNP-triggered autophagy activation. Our results also 
showed that the protein and phosphorylation levels of CDK4 
and CDK7 are potentiated upon SiNP stimulation. The activa-
tion of human CDK7 subsequently phosphorylates and activates 
its substrate, CDK4, which was reported to modify T821 and 
T826 residues in RB1 [56]. The phosphorylation of RB1 enables 
the release of the transcription factor E2F1 (E2F transcription 
factor 1) from the RB1-E2F1 complex [57]. Free E2F1 molecules 
enhance the transcriptional activation of numerous Atg genes 
and autophagy regulators [58] (Figure 10). Alternatively, phos-
phorylated RB1 interacts with MAPKAP1/SIN1 to repress the 
MTORC2 activity [59]. MTORC2 inhibition increases autop-
hagy activity by maintaining the transcriptional activity of 
FOXO3 (forkhead box O3) [60] (Figure 10). We carefully 
checked the potential substrates of CDK7 and CDK4 predicted 
by iGPS (Table S8). We found that a CDK4-specific p-site of rat 
RB1 T813, an equivalent p-site of human RB1 T821, was sig-
nificantly upregulated by SiNPs with a 1.51-fold increase at the 
16 h time point (Table S8). In addition, we observed a p-site of 
the rat FOXO3 at S283 was obviously upregulated by the nano-
materials, with a 2.38-fold increase at the 16 h time point. This 
p-site was predicted to be specifically modified by CDK4 (Table 
S8), and the result suggested that FOXO3 might also be directly 
regulated by CDK4. Since both E2F1 and FOXO3 are transcrip-
tion factors, we further predicted their substrates from the multi- 
omics data and found that up to eight Atg genes and autophagy 
regulators, such as Atg9a, Lc3, Uvrag (UV radiation resistance 
associated gene), and Gabarap (GABA type A receptor- 
associated protein), were computationally characterized to be 
transcriptionally regulated by E2F1 or FOXO3 (Figure 10). 
Interestingly, we found that all of these predicted genes are 
essential for phagophore initiation and autophagosome matura-
tion [42]. Thus, our results proposed that the CDK7-CDK4 
signaling axis potentiates SiNP-induced autophagy by phos-
phorylating RB1, activating of E2F1 and FOXO3, and enhancing 
mRNA expression levels of a number of Atg genes and autop-
hagy regulators (Figure 10).

Previous studies reported that CDK4 and CDK7 are 
essential in controlling cell cycle progression to promote 
human cancer [28], and the two oncogenic kinases have 
been potent targets for cancer therapy [52,53,61]. In our 
results, the activation of CDK4 and CDK7 might be harmful 
and might participate in tumorigenesis if deleterious somatic 
mutations were further harbored to maintain or enhance the 
aberrant kinase activities. In this regard, more attention 
should be paid to the application of bio-nanomaterials. 
Together, our studies not only identified key regulators in 
SiNP-induced autophagy but also developed a highly useful 
algorithm to integrate and analyze the multi-omics data. We 
anticipate cMAK can be extended to elucidate the mechan-
isms of the biological effects when cells are treated with 
other types of nanomaterials.
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Materials and Methods

Cell culture and reagents

NRK and GFP-LC3 NRK cells were gifts from Prof. Li Yu 
(Tsinghua University). HepG2 cells were gifts from Prof. Ping 
Xu (National Center for Protein Sciences, China). HeLa cells 
were obtained from Prof. Xiaojun Xia (Sun Yat-Sen 
University). The cell lines were maintained in DMEM 
(Hyclone, SH30022.01) and supplemented with 10% fetal bovine 
serum (Gibco, 10060141), 100 U/mL penicillin and 100 mg/mL 
streptomycin (Hyclone, SV30010) at 37°C with 5% CO2 incuba-
tion. EBSS (24010-043) and BCA Protein Assay Kit (23225) were 
purchased from Thermo Fisher Scientific. Anti-LC3 (18725-AP) 
and anti-SQSTM1/p62 (18420-1-AP, 55274-1-AP) antibodies 
were purchased from Proteintech Group. Anti-LC3 (NB100- 
2220) antibodies were purchased from Novus Biologicals. Anti- 
CDK4 (A0366), anti-p-CDK4 (T172; AP0593), anti-CDK7 

(A12942) and anti-ACTB (AC026) antibodies were from 
ABclonal Technology. Anti-p-CDK7 (T170; SAB4504143) anti-
body and dimethyl sulfoxide (DMSO; D2650), 3-MA (M9281), 
CQ (C6628) and H2O2 (88597) were from Sigma-Aldrich; 
Etoposide (T0132) was purchased from TargetMol. ON123300 
(HY-12624), THZ1 (HY-80013), and tunicamycin (HY-A0098) 
were from MedChemExpress.

The preparation and characterization of SiNPs

The 3 sizes of SiNPs were prepared as previously described 
[29]. First, 9.1 mg L-arginine (Sigma-Aldrich, W381918) was 
dissolved sufficiently into 6.9 mL water, and then 0.45 mL 
cyclohexane (Sigma-Aldrich, 227048) was supplemented into 
the water-arginine solution. The reaction was heated to 60°C 
by a water bath under a magnetic stirring apparatus. Second, 
adding 0.55 mL tetraethyl orthosilicate (TEOS; Sigma-Aldrich, 

Figure 10. A computational model of SiNP-induced autophagy through the upregulation of the CDK7-CDK4 signaling axis. After SiNPs internalized by endocytosis, 
multiple cellular stresses, including DNA damage, ER stress, and ROS, were triggered to facilitate CDK7 or CDK4 activation synergistically. The activation of the CDK7- 
CDK4 cascade might potentiate SiNP-induced autophagy through phosphorylating RB1, activating of E2F1 and FOXO3, and enhancing mRNA expression levels of 
a number of Atg genes and autophagy regulators.
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333859) into the reaction solution and keeping the reaction at 
the constant stirring and temperature for 20 h. Then, the 
smallest silica seeds were produced. The silica seeds with 
larger sizes were prepared using the regrowth approach. The 
carboxyl groups were carried on the surfaces of SiNPs. The 
size and particle morphology of synthesized SiNPs were char-
acterized under the observation of TEM (JEM-1400, JEOL). 
The zeta potentials, hydrodynamic diameters, and PDI values 
of the SiNPs were determined by Zetasizer (Nano-ZS90, 
Malvern).

The rSiNPs were prepared by a modified Stöber method, as 
described before [22,29]. In brief, 5.4 mg rhodamine 
B (Solarbio Life Science, R8040-25) and 5 μL (3-aminopro-
pyl)triethoxysilane (Sigma-Aldrich, A3648) was added to 
1 mL absolute ethyl alcohol with a reaction time of 12 h at 
room temperature. Then, 260 mg L-arginine, 40 mL H2O, 
180 mL ethyl alcohol and 10 mL SiNPs were mixed and 
heated to 45°C. After that, 16 g TEOS and 5 μL rhodamine 
B-coupled (3-aminopropyl)triethoxysilane were added into 
a mixed solution for further reaction. The mixture was cen-
trifuged, and particles were washed, and they were finally 
dispersed in pure water.

Cell viability assay

The viability of NRK cells to SiNPs exposure was measured by 
using CCK-8 and LDH kit (Dojindo Laboratories, CK04 and 
CK12), respectively. The NRK cells (2.5 x 104 cells/well) were 
seeded into a 96-well plate. Then, the cells were treated with 
a final concentration of 0, 60, 120, 240, or 480 μg/mL for 24 h. 
The CCK-8 or LDH solution was added to each well of the 96- 
well plate and was incubated for 1.5 h at 37°C by following the 
manufacturer’s instruction. The absorbance at 490 nm was 
detected using a microplate reader (Thermo Fisher Scientific, 
Multiskan FC).

Immunoblotting analysis

Cells were lysed with RIPA lysis buffer (Thermo Fisher Scientific, 
89900) with complete protease inhibitor (Roche, 4693116001) 
and phosphatase inhibitors (Roche, 4906837001). The prepared 
samples were separated by SDS-PAGE gels, and the proteins 
were transferred to polyvinylidene difluoride (Millipore, 
ISEQ00010) membranes. The membranes were blocked with 
5% nonfat milk (Solarbio Life Science, D8340) for 2 h and then 
incubated with the appropriate primary and secondary antibo-
dies. The protein bands were detected by using the Li-COR 
Odyssey system, and the protein expression levels were quanti-
fied and analyzed by Image Studio software (LI-COR, Odyssey). 
The experiments were independently repeated ≥ 3 times. To 
ensure the band detection within a linear range, the protein 
bands of ACTB in Figure 1D was used as an example. The 
image brightness was gradually fine-tuned from light to dark, 
and the intensity value of ACTB was repeatedly calculated. 
A threshold was selected to allow the band detection within the 
linear range.

Transmission electron microscopy

The NRK cells were treated with 16-nm SiNPs for 24 h. Then, 
SiNP-treated cells were washed 3 times by phosphate-buffered 
saline (Thermo Fisher Scientific, 10010049). The cell pellets 
were fixed with glutaraldehyde resolved in PBS solution and 
washed 3 times with PBS, and then postfixed in osmium 
tetroxide solution, washed with PBS, dehydrated in a graded 
series of ethanol (MACKLIN, E809061), and embedded in 
SPI-Pon 812 resin (Structure Probe, 02660-AB). The ultrathin 
sections were cut using an ultramicrotome and stained by 
aqueous uranyl acetate and aqueous lead citrate, and then 
imaged with TEM.

Fluorescence microscopy

The 4 × 104 GFP-LC3 NRK cells were seeded into the confocal 
dish. Then, the cells were transfected with siRNAs for 48 h or 
incubated with kinase inhibitors for 24 h, and then followed 
by 16-nm SiNPs or rSiNPs treatment for various time points. 
The fluorescence images were captured by using fluorescence 
microscopy (Olympus, FV1000). For detecting cellular uptake 
of SiNPs, the GFP-LC3 NRK cells were treated with 16-nm 
rSiNPs at 60 μg/mL for 0, 3, 8, 16, 20, and 24 h, and then fixed 
by polyformaldehyde solution and permeabilized by Triton 
X-100 (Sigma-Aldrich, T8787). The 200 uL Hoechst 33342 
(Invitrogen, H3570) was used to stain nuclei for 10 min. 
Finally, the cells were washed 3 times with PBS, and images 
were analyzed using laser scanning confocal microscopy 
(Leica, Leica TCS SP5).

The measurement of autophagic flux vs. autophagy 
induction

An adenoviral vector carrying tfLC3 (HB-AP2100001) was 
purchased from HanBio (Shanghai, China). NRK cells expres-
sing tfLC3 were generated by following the manufacturer’s 
instruction. The 4 × 104 tfLC3 NRK cells were plated into the 
confocal dish for 24 h and treated with 16-nm SiNPs at 60 μg/ 
mL for 0, 3, 8, 16, and 24 h. The fluorescence microscopy 
(Olympus, FV1000) was used to capture the fluorescence 
images. In each condition, numbers of red dots and yellow 
dots were quantified and analyzed in ≥ 30 tfLC3 NRK cells. 
The total dots were calculated as the sum of red dots and 
yellow dots. In untreated cells, the average numbers of red 
dots and total dots were counted as R0 and T0, respectively. In 
tfLC3 NRK cells treated with EBSS or SiNPs, the average 
numbers of red dots and total dots were counted as Ri and 
Ti, respectively. Then the ratio of autophagic flux vs. autop-
hagy induction was calculated as below:

Cell sample preparation for the multi-omics profiling

NRK cells were treated with 16-nm SiNPs at the final con-
centration of 60 μg/mL for 0, 8, 16, 20, and 24 h, respectively. 
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At each time point, >2 × 106 cells were collected and resolved 
in TRIzol (Thermo Fisher Scientific, 15596018) for RNA 
extraction. For proteomic and phosphoproteomic quantifica-
tion, >2 × 107 cells were harvested and frozen with liquid 
nitrogen for protein extraction. For each time point, 3 inde-
pendent biological replicates were prepared.

RNA-Seq library preparation and sequencing

The concentration (ng/μL) and quality (A260/A280) of the 
total RNAs were determined using a Nanodrop 2000 spectro-
photometer (Thermo Fisher Scientific, USA) and the integrity 
of the RNAs was tested on an Agilent Technologies 2100 
Bioanalyzer. High quality total RNAs in an equal amount 
per sample was used to construct the RNA-Seq libraries. 
Each RNA-Seq library was constructed by VAHTS Stranded 
mRNA-seq Library Prep Kit for Illumina (Vazyme, NR602- 
02). The library products were sequenced on the HiSeq 4000 
system (Illumina, San Diego, CA).

Total protein extraction

Cell pellets were lysed with lysis buffer (8 M urea; Sigma- 
Aldrich, 554693) supplemented with Phosphatase Inhibitor 
Cocktail (Merck, 524625) and Protease Inhibitor Cocktail 
(Merck, 539137) on ice using a high-intensity ultrasonic pro-
cessor (Scientz) for 10 min. The supernatants were collected 
after centrifuging at 20,000 x g for 10 min at 4°C. The protein 
concentration was determined with a BCA kit (Thermo Fisher 
Scientific, 23225).

HPLC fractionation and phosphopeptide enrichment

After digestion with trypsin (MACKLIN, T819144), the sam-
ple was fractionated by high-pH reverse-phase HPLC using 
the Thermo Fisher Scientific BETASIL C18 column (5 μm 
particles, 4.6 mm, 250 × 10 mm, SN: 10428834). The peptides 
were separated into 80 fractions with a gradient of 8% to 32% 
acetonitrile (Sigma-Aldrich, 271004) over 90 min. Then, the 
peptides were combined into 16 fractions and dried by 
vacuum centrifugation.

The peptide mixtures were first incubated with Ti4+- 
immobilized metal affinity chromatography (J&K Scientific, 
2749380) microsphere suspension with vibration in loading 
buffer (50% acetonitrile (Sigma-Aldrich, 271004) and 6% tri-
fluoroacetic acid (Sigma-Aldrich, T6508). The IMAC micro-
spheres with enriched phosphopeptides were collected by 
centrifugation, and the supernatant was removed. To remove 
nonspecifically adsorbed peptides, the IMAC microspheres were 
washed 3 times sequentially with 50% acetonitrile, 6% trifluor-
oacetic acid, 30% acetonitrile, and 0.1% trifluoroacetic acid. 
Then, the elution buffer containing 10% NH4OH (MACKLIN, 
A801009) was added, and the enriched phosphopeptides were 
eluted. The supernatant containing phosphopeptides was col-
lected and lyophilized for LC-MS/MS analysis.

LC-MS/MS analysis

The tryptic peptides were dissolved in 0.1% formic acid 
(solvent A; Sigma-Aldrich, 27001), all at a constant flow 
rate of 700 nL/min on an EASY-nLC 1000 ultra- 
performance liquid chromatography system. The gradient 
was comprised of an increase from 5% to 8% solvent 
B (0.1% formic acid in 98% acetonitrile) for 13 min, 8% 
to 18% in 30 min, 19% to 32% in 22 min, finally holding 
at 95% for the last 30 min. The peptides were subjected to 
NSI source followed by MS/MS in Q ExactiveTM Plus 
(Thermo Fisher Scientific) coupled online to the ultra- 
performance liquid chromatography. The electrospray vol-
tage applied was 2.0 kV. The m/z scan range was 350 to 
1600 for full scan, and intact peptides were detected in the 
Orbitrap at a resolution of 60,000. Then, peptides were 
selected for MS/MS using NCE, and the fragments were 
detected in the Orbitrap at a resolution of 30,000. Fixed 
first mass was set as 100 m/z. Automatic gain control was 
set at 5E4. A data-dependent procedure alternated 
between one MS scan followed by 20 MS/MS scans with 
15.0 s dynamic exclusion.

Database Search

For the proteomic and phosphoproteomic data, the raw MS/ 
MS data were processed using the MaxQuant search engine 
(v.1.5.3.30). The rat proteome sequence set was downloaded 
from Ensembl (http://asia.ensembl.org/index.html) [62]. For 
one gene with multiple alternatively splicing isoforms, only 
the longest protein sequence was reserved. After the redun-
dancy clearance, 21,945 unique rat proteins were reserved. To 
ensure the data quality, we constructed a reference database 
by using only genes with a considerably higher expression 
level (FPKM ≥ 1 in at least one sample). In total, the reference 
database was constructed with 10,813 unique rat protein 
sequences. Trypsin/P was specified as the cleavage enzyme. 
The mass tolerance for precursor ions was set as 20 ppm in 
the First search and 4.5 ppm in the Main search. 
Carbamidomethylation on Cys was specified as fixed modifi-
cation. Oxidation on Met, acetylation protein N-termini, and 
pS/pT/pY modifications were specified as variable modifica-
tions. Instrument type was Orbitrap. The false discovery rates 
for the peptide-spectrum match, protein and p-site decoy 
fraction were all set to < 1%, and the minimum score for 
modified peptides was set to > 40. All the other parameters in 
MaxQuant were set to default values.

Detection of differentially regulated genes, proteins and 
p-sites

Here, we used the 0 h data as the background, and compared 
with the transcriptomic, proteomic and phosphoproteomic 
data sets of 8, 16, 20, and 24 h samples to detect differentially 
regulated mRNAs, proteins and p-sites, respectively. For the 
transcriptional level, Bowtie, TopHat, and Cufflinks were used 
for gene alignment, assembly, and quantification [39]. The 
FPKM value was adopted and calculated to estimate the 
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mRNA expression levels of genes. The genes with significantly 
changed FPKM values for at least one time point were 
regarded as differentially regulated genes, based on the output 
results of Cufflinks.

For the proteomic data, Perseus, a widely used shotgun 
proteomics data analysis tool, was adopted here for the 
statistical analysis. The significant changes of protein inten-
sities were detected by using Student’s t-test (p-value < 0.05) 
integrated with Perseus [40]. For the raw phosphoproteo-
mic data, we first merged 3 replicates into a single data set. 
For p-sites identified in only one experiment, their corre-
sponding phospho-peptide intensities were directly 
adopted. For p-sites identified in 2 replicates, the average 
values of phosphopeptide intensities were used. For p-sites 
identified in 3 replicates, the median intensity values were 
reserved. Then, the global centering normalization strategy 
was used [41], and the average intensity value of all p-sites 
was first normalized to 1 (mean = 1) for each time point. 
A factor of 1.5 (> 1.5-fold or < 0.67-fold) was used as the 
threshold for detecting differentially regulated p-sites.

Public phosphorylation databases

Experimentally identified p-sites in R. norvegicus were 
downloaded from 5 public phosphorylation databases, 
including dbPAF [34], dbPTM [35], Phospho.ELM [36], 
PhosphoSitePlus [37], and UniProt [38]. Different data sets 
were integrated, and redundancy was cleared. In total, we 
obtained 32,275 non-redundant p-sites from 7,750 rat 
phosphoproteins.

The collection of Atg genes and autophagy regulators

Previously, we developed a comprehensive data resource of 
THANATOS for the collection, annotation, and biocuration 
of proteins and PTMs involved in autophagy and cell death 
pathways [3]. Here, 34 known or potentially orthologous Atg 
genes in R. norvegicus were directly taken from THANATOS 
(http://thanatos.biocuckoo.org/) [3]. All collected autophagy 
regulators in R. norvegicus, H. sapiens, and Mus musculus 
were obtained from THANATOS [3]. For human and mouse 
proteins, their potential rat orthologues were computation-
ally determined through a classical approach of reciprocal 
best hits (RBHs) [63]. In total, 1,060 known and potential 
autophagy regulators in R. norvegicus were integrated for 
further analyses. In addition, we referred to a previously 
published review and selected 55 well-known autophagy 
regulators [42].

The enrichment analyses

To evaluate whether the 1,060 known and potential autop-
hagy regulators were statistically enriched in differentially 
regulated mRNAs, proteins and phosphoproteins, here we 
defined:

N = number of rat genes (N = 21,945)
n = number of rat autophagy regulators (n = 1,060)
M = number of differentially regulated mRNAs, proteins or 

phosphoproteins

m = number of autophagy regulators in differentially regu-
lated mRNAs, proteins or phosphoproteins

Then, the enrichment ratio (E-ratio) of each level was 
computed, and the p-value was calculated with the hypergeo-
metric distribution as below:

p� value ¼
Pn

m0¼m

M
m0

� �
N � M
n � m0

� �

N
n

� � (E-ratio ≥ 1), or

p� value¼
Pn

m0¼0

M
m0

� �
N � M
n � m0

� �

N
n

� � (E-ratio < 1)

The hypergeometric test was also adopted for the GO- and 
KEGG-based enrichment analyses. GO annotation files (on 
7 November 2018) were downloaded from the Gene Ontology 
Consortium Web site (http://www.geneontology.org/) and 
contained 17,638 rat proteins annotated with at least one 
GO term [64]. KEGG annotation files (released on 
1 July 2018) were downloaded from the ftp server of KEGG 
(ftp://ftp.bioinformatics.jp/) [65], which contained 7,592 
annotated genes in R. norvegicus.

The cMAK algorithm

The first step of cMAK was the prediction of potential ssKSRs 
for all quantified p-sites by using a previously developed tool 
of iGPS, which supported five eukaryotes, including 
H. sapiens, M. musculus, D. melanogaster, C. elegans, and 
S. cerevisiae [43]. Due to the absence of R. norvegicus in 
iGPS, here, we directly chose the human predictor with 
default parameters of the “Low threshold” and “Experiment/ 
STRING PPI.” From the prediction results, the orthologues of 
the human kinases in R. norvegicus were computationally 
determined by RBHs [63].

Second, we formalized a new concept of QKS to measure 
a kinase state by considering the sum of normalized intensity 
values of p-sites in its substrates based on the hypothesis that 
the numbers and phosphorylation levels of substrates might 
reflect the kinase importance. For each time point, the raw 
intensity value of each p-site (IVP) in the merged data set was 
first normalized and divided by 1 × 106. Then, the QKS score 
of a kinase i in sample A was calculated as below:

Here, n is the number of substrates of the kinase i. Then, the 
QKS value of all kinases (k) in sample A was calculated as below:

Using the 0 h data set as the control (C), we compared it in 
a pairwise manner to time points of 8, 16, 20, and 20 h 
(Treatment, T). The Yate’s chi-squared test was then used to 
compare the QKS values between control and treatment fol-
lowing a Chi-square 2 × 2 contingency table:

The χ2 was calculated as below:
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The p-values (< 0.0001) were computed through the Excel 
function of CHIDIST(x2, degree_freedom), and the degree_-
freedom is equal to 1. Only kinases with significant p-values 
in ≥ 3 time points were reserved.

In the final step, the transcriptional, proteomic, and phos-
phoproteomic data of predicted kinases were considered to 
reduce potentially false-positive hits. The predicted kinases 
with differentially regulated mRNAs in ≥ 2 time points, chan-
ged proteins in ≥ 1 time point, or altered p-sites in ≥ 1 time 
point were reserved. Additionally, we carefully checked the 
literature and reserved kinases that were previously reported 
to be involved in autophagy. Predicted kinases without any 
additional evidence were discarded.

RNA interference and kinase inhibitor treatment

Cells were transfected with 100-nm siRNAs by Lipofectamine 
RNAi Max (Invitrogen, 13778150) for 48 h according to the 
manufacturer’s instructions, and then treated with 16-nm 
SiNPs at 60 μg/mL for 24 h. For 3-MA or CQ treatment, 
cells were incubated with 3-MA or CQ for 8 h, and then 
followed by 16-nm SiNP treatment for 24 h. For kinase 
inhibitor treatment, cells were incubated with 3 μM 
ON123300 (kinase inhibitor for CDK4) or 50 nM THZ1 
(kinase inhibitor for CDK7) for 24 h, and then stimulated 
with 16-nm SiNPs at 60 μg/mL for 24 h. The immunoblotting 
analysis was performed as previously described [66], and the 
number of GFP-LC3 puncta was observed by the confocal 
microscopy (Olympus, FV1000) and calculated as previously 
described [67].

The prediction of transcription factor targets

The potential substrates of E2F1 and FOXO3 in H. sapiens were 
downloaded from a recently developed database hTFtarget (http:// 
bioinfo.life.hust.edu.cn/hTFtarget#!/), which was a comprehensive 
resource of human transcription factor targets. Their orthologous 
genes in R. norvegicus were computationally determined by RBHs 
[63]. To ensure the data quality, the transcriptomic data were re- 
analyzed and only predicted targets with significant changes of 
mRNAs in ≥ 3 time points were considered to be bona fide 
substrates of E2F1 and FOXO3 in R. norvegicus, with high 
confidence.

Data Availability

The RNA-seq data were deposited into NCBI Sequence Read 
Archive (SRA, https://www.ncbi.nlm.nih.gov/sra) with the 
dataset identifier SRP160412. The raw mass spectrometric 
data of proteomes and phosphoproteomes was submitted 
into the integrated proteome resources (iProX, http://www. 
iprox.org/) [68] with the dataset identifier PXD012196.

Statistical analysis

For all experiments, statistical analyses were performed by 
using the one-tail student’s t-test. Mean value and standard 
deviation (S.D.) were calculated ≥ 3 independently repeated 

experiments. The error bars indicate the S.D, and 
p-value < 0.05 was considered to be statistically significant.
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