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Background: Activator of heat shock protein 90 (HSP90) ATPase Activity 1 (AHSA1) regulates proliferation, apoptosis, migration, 
and invasion of osteosarcoma and hepatocellular carcinoma (HCC). However, the novel mechanism of AHSA1 in the tumor biology of 
hepatocellular carcinoma (HCC) remains unclear.
Methods: We analyzed AHSA1 expression in 85 pairs of clinical samples of HCC and the Cancer Genome Atlas database. The role of 
AHSA1 in HCC was proved by cell proliferation, colony formation, migration, cell cycle analysis in vitro, xenograft models and tumor 
metastasis assay in vivo, and bioinformatics.
Results: High AHSA1 expression was demonstrated in HCC and associated with invasive depth, clinical stage, and poor overall 
survival of patients. Univariate Cox analysis confirmed that AHSA1 was an independent prognostic factor for patients with HCC. 
Meanwhile, AHSA1 upregulation promoted cell proliferation, colony formation, and cell migration in vitro and tumor cell prolifera-
tion and metastasis of HCC cells in vivo. AHSA1 upregulation increased the cell cycle transition from G1 to S phase by increasing the 
expression of cyclinD1, cyclinD3, and cyclin-dependent kinase 6(CD). Transforming growth factor beta 1 (TGF-β1)-induced protein 
kinase B (Akt) signaling regulated the expression of downstream targets, including cyclinD1. AHSA1 expression was closely 
correlated with the expression of TGF-β, Akt, cyclinD1, cyclinD3, and CDK6 using the Gene Expression Profiling Interactive 
Analysis database. AHSA1 upregulation participated in HCC progression by regulating TGF-β/Akt-cyclinD1/CDK6 signaling.
Conclusion: AHSA1 might serve as a biomarker for predicting the clinical outcome of patients with HCC. It is vital in tumor 
metastasis and disease progression of HCC and may facilitate the development of clinical intervention strategies against HCC.
Keywords: AHSA1, AKT/cyclinD1/CDK6 signaling, cell cycle, hepatocellular carcinoma, TGF-β

Introduction
Hepatocellular carcinoma (HCC) is the sixth most common and malignant tumor worldwide and the third leading cause 
of cancer-related mortality in China.1,2 The risk factors associated with HCC include viral hepatitis, particularly hepatitis 
B virus infection as the most important factor, alcoholic liver disease, nonalcoholic fatty liver disease, metabolic 
syndrome, and so forth.3 The poor prognosis of HCC is mainly because most patients with HCC are in the intermediate 
and advanced stages when they are diagnosed and have a survival time of less than 3–6 months.4 Patients with early- 
stage liver cancer can undergo surgery or radiofrequency ablation. The age-standardized 5-year relative survival rate for 
HCC is only 18.1%.5,6 Sorafenib and lenvatinib, as two clinically approved targeted-therapy drugs, could extend the 
overall survival only by 2–3 months.7,8 Immunotherapy has many issues, such as uncertain efficacy, low objective 
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remission rate, numerous side effects, and drug resistance even if patients benefit from it.9,10 Therefore, novel HCC 
targets and pathogenesis are urgently needed.

AHSA1, an activator of HSP90 ATPase Activity 1, is one of the partners of heat shock 90 kDa (heat shock protein 90, 
HSP90), which can stimulate the ATPase activity of HSP90 and participate in the maturation, stabilization, degradation, and 
function of oncogenic proteins.11,12 The relationship between AHSA1 and tumors has been studied successively in recent 
years. AHSA1 could regulate the proliferation, apoptosis, migration, and invasion of osteosarcoma by regulating the Wnt/β- 
catenin signaling pathway and its negative regulators.13 The knockdown of AHSA1 significantly inhibited the migration and 
invasion of MCF-7 and MDA-MB-231 breast cancer cells.14 AHSA1 expression increased in multiple myeloma (MM) 
samples, which was significantly associated with MM recurrence and poor outcomes. Furthermore, AHSA1 acted as a co- 
chaperone of HSP90A to activate CDK6 and non-ATPase 1 and 2(PSMD2) in vitro and in vivo, promoting MM cell 
proliferation and proteasome inhibitor (PI) resistance.13 The miR-338-3p overexpression resulted in a significant decrease 
in AHSA1 protein levels in MG63 and Saos2 cells. The AHSA1 overexpression reversed the inhibitory effect of miR-338-3p 
overexpression on proliferation, cell cycle, apoptosis, EMT, migration, and proliferation of MG63 and Saos2 cells.15 

LINC00707 was overexpressed in osteosarcoma cell lines, and silencing LINC00707 could inhibit cell proliferation, 
migration, and invasion in MG-63 and Saos2 cells by targeting the miR-338-3p/AHSA1 axis.16 AHSA1 knockdown 
decreased the proliferation, cell migration, and invasion ability of HCC cells.17 However, the novel mechanisms underlying 
the involvement of AHSA1 in HCC tumorigenesis and development are still not fully understood. Our novel mechanistic 
studies revealed that AHSA1 upregulation participated in HCC progression by regulating TGF-β/AKT-cyclinD1/CDK6 
signaling. Hence, the findings might provide new insights into the development of clinical intervention strategies against HCC.

Materials and Methods
Patients and HCC Tissues
A total of 85 pairs of HCC tumor tissues and matched adjacent nontumor tissues on tissue microarrays (HLivH180Su10), 
including clinical and pathological information, were purchased from Shanghai Outdo Biotech Co., Ltd. (Shanghai, China) 
(http://www.superchip.com.cn/). All samples were grouped based on sex, age, tumor size, invasive depth, pathological grade, 
lymph node metastasis, metastasis, and TNM stage (TNM stages were categorized according to the 7th edition of the 
American Joint Committee on Cancer Staging Manual). The patient consent and approval from Ethical Requirements for 
human biobanking in the National Standard GB/T 38736–2020 of the People’s Republic of China.

Immunohistochemistry and Scoring
Immunohistochemistry (IHC) was performed as described previously.18 The immunostaining intensity of AHSA1 in HCC tissues 
was categorized as negative (0), low (1), medium (2), or high (3). Staining intensity, which represented the percentage of positively 
stained cells, was evaluated and assigned scores as follows: 1 (≤ 10%), 2 (11–10%), 3 (51–75%), or 4 (> 75%), based on 
a questionnaire. To perform statistical analysis, overall expression scores ranging from 0 to 12 were calculated by multiplying the 
intensity scores with the range scores. The final staining score was then classified as either low (≤3 overall) or high (> 3 overall).

The antibodies including anti-AHSA1 (1:100, 14725-1-AP, Proteintech Company, anti-Ki67 (1:100, AF0198, 
Affinity, China), anti-activated caspase 3 (1:100; Cell Signaling, anti-cyclinD1 (1:200, #9932, Cell Signaling), 
anti-cyclinD3 (1:200, #9932, Cell Signaling), anti-CDK6 (1:1000, #13331, Cell Signaling), and anti-pAkt-Ser473 
(1:200, #4060, Cell Signaling Technology).

Cell Lines and Cell Culture
Human hepatocellular carcinoma cell lines (SMMC-7721 and SK-Hep1) were purchased from and authenticated by the 
Typical Culture Preservation Commission Cell Bank (Chinese Academy of Sciences, Shanghai, China). All cell lines 
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco BRL) supplemented with 10% fetal bovine 
serum (FBS) (Gibco), 100 U/mL penicillin, and 100 µg/mL streptomycin. All cultures were maintained at 37°C in the 
presence of 5% CO2.
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Lentivirus Transduction
The lentiviruses, packaged with the pCDH-CMV-MCS-GFP-FLAG-Amp vector containing a full coding region of the 
AHSA1 gene (NM_012111.3), were donated by Soochow University. Puromycin (2 μg/mL) was used for the selection of 
stable clones. All functional experiments were conducted within 2 weeks following the lentiviral infection.

Western Blot Analysis
The protein extractions and Western blotting were performed as described previously.18 The primary antibodies included 
antibodies against AHSA1 (1:2000, 14725-1-AP, Proteintech Company), p-AKT (Ser473) (1:2000, #4060, Cell Signaling 
Technology), and those contained in the Cell Cycle Regulation Sampler Kit ½ (cyclinD1, cyclinD3, and CDK6) (all 1:1000, 
#9932, Cell Signaling Technology). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control to 
normalize the protein signal. The protein bands on the blots were visualized using enhanced chemiluminescence (ECL) 
reagent and quantified using ImageJ software for densitometry analysis. Each experiment was repeated at least three times.

Cell Proliferation Assays
HCC cells were seeded in triplicate at a density of 1×104 cells per well in 24-well plates and cultured at 37°C in the 
presence of 5% CO2 for 1–4 days. Then, 20 µL of cell counting kit-8 (CCK-8, CK04, Dojindo, Japan) solution was added 
into each well. The cells were incubated at 37°C for another 4 h. The absorbance at 450 nm was measured with 
a microplate reader. Each experiment was repeated at least three times.

Cell Cycle Analysis
The cell cycle analysis was performed as described previously.18 For this, 5×105 HCC cells were collected, washed with 
phosphate-buffered saline (PBS), and immobilized in 70% cold ethanol for 1 h. The cell suspensions were then centrifuged 
and washed twice with PBS to remove ethanol. Next, 100μL of RNaseA was added and incubated at 37°C for 30 min. 
Propidium iodide (25 μg/mL; Sigma was added and mixed. The samples were then analyzed by flow cytometry.

Soft Agar Assay
The cells in the logarithmic growth phase were taken, and the cell density was adjusted to 1×106 cells/L. Then, gradient dilutions 
were made according to the experimental requirements. Two concentrations of low-melting-point agarose solutions, 1.2% and 
0.7%, were prepared with distilled water. After autoclaving, they were maintained at 40°C without coagulation. After mixing 
1.2% agarose and 2×dulbecco’s modified eagle medium (DMEM) (containing 2× antibiotics and 20% calf serum) at a ratio of 1:1, 
1 mL of the mixture was injected into a 35-mm-diameter plate, cooled, solidified, and used as bottom agar in a CO2 incubator. 
After mixing 0.7% agarose and 2× DMEM in a sterile test tube at a ratio of 1:1, 0.2 mL of the cell suspension was added to the tube 
and mixed well. The bottom layer was injected with 1.2% agarose. In a plate, a double agar layer was gradually formed. After the 
upper layer of agar solidified, it was placed in an incubator at 37°C in the presence of 5% CO2 for 10–14 days. The dish was placed 
under an inverted microscope, and the number of cell clones was observed. Then, the clone formation rate was calculated.

Boyden Chamber Cell Migration Assays
The effect of AHSA1 on cell migration was measured using Boyden chambers (8-μm pores, Corning Star, MA, USA). 
The cells in the serum-free medium (5 × 105 cells/200μL) were placed in the upper chamber of the Transwell plate. Then, 
0.8 mL of the medium containing 10% FBS was added to the lower chamber. After 6–48 h of incubation at 37°C, the 
chambers were removed and the cells that migrated and adhered to the lower surface of the membrane were fixed with 
100% methanol for 5 min. The fixed chambers were stained with 0.5% crystal violet for 5 min. The cells were counted in 
randomly selected fields (original magnification, 200×). Each experiment was repeated at least three times.

Enzyme-Linked Immunosorbent Assay
The used antigen was diluted with coating diluent to an appropriate concentration (generally, the required amount of antigen 
coating was 20–200 μg per well). Next, 100μL of the antigen was added to each well and set at 37°C for 4 h or 4°C for 24 
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h. The liquid in the hole was discarded. For blocking the enzyme-labeled reaction, 5% calf serum was placed at 37°C for 40 
min. The wells were washed three times with washing solution, each time for 3 min. Generally, a dilution of 1:50–1:400 was 
used for detection. The samples were added to the enzyme-labeled reaction wells. At least two wells were added to each 
sample, 100 μL per well, and placed at 37°C for 40–60 min. The wells were washed three times with washing solution, each 
time 3 min. Next, 100 μL of the of enzyme-labeled antibody was added to each well and incubated at 37°C for 30–60 min. The 
wells were washed again as earlier. Then, 100μL of tetramethyl benzidine (TMB)-hydrogen peroxide urea solution substrate 
was added to each well and placed at 37°C for 3–5 min in the dark. The stop solution was added for color development. 
Further, 50 μL of stop solution was added to each well to stop the reaction, and the experimental results were obtained within 
20 min. The absorption was measured at a wavelength of 450 nm per well.

Xenograft Assays
The xenograft assays were essentially performed as described previously.18 BALB/c nude male mice, aged 4–6 weeks, were 
purchased from Shanghai Jihui Laboratory Animal Care Co.,Ltd and maintained under specific-pathogen-free conditions.

Each mouse was implanted with SMCC-7721-AHSA1 on the right dorsal side (2 × 106 SMMC-7721-AHSA1) and 
SMCC-7721-Control on the left dorsal side. The tumor growth was evaluated by measuring the length and width of the 
tumors with calipers. The tumor volume was calculated using the formula [width × 2 × (pi/6)]. The tumors were 
harvested for immunohistochemistry (IHC) after 4 weeks of postmortem.

As part of the metastasis assay, 200μL of HCC cells (1 × 107 cells/mL) were xenografted into nude mice by tail vein injection. 
The mice were sacrificed after 12 weeks, and the lungs and livers were harvested. Hematoxylin and eosin staining was performed 
on the whole lung and liver. The number and diameter of all lung and liver metastases were counted. SK-AHSA1 and SK-Control 
cells were infected with lentivirus containing the luciferase vector to generate SK-AHSA1-luciferase and SK-Control-luciferase 
cells. Then, 5×106 cells in 200μL were xenografted into nude mice via tail vein injection. After 8 weeks, mice with 150 mg/kg 
body weight were injected intraperitoneally (i.p.) with D-luciferin (15 mg/mL, 122799, PerkinElmer. The mice were imaged after 
15 min using the In Vivo IVIS Lumina XRMS Series III imaging system (PerkinElmer) for lung metastasis analysis. The ethics 
committee of Soochow University approved all experimental protocols. The name of the guidelines followed for the welfare of 
the laboratory animals is China National Standard GBT 35892–2018 Guidelines.

Bioinformatics Analysis
Clinical data related to AHSA1 were downloaded from UALCAN database (https://ualcan.path.uab.edu/analysis.html). RNA- 
Seq was performed and analyzed to explore the mechanism of AHSA1 involved HCC growth and metastasis in GENEWIZ 
(Suzhou, China). Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis 
were performed for the AHSA1-relevant genes using the clusterProfiler package (version 3.14.3) by GENEWIZ (Suzhou, China).

Statistical Analysis
The data were expressed as mean ± standard deviation (SD) from at least three independent experiments. The SPSS 20.0 
software (SPSS Inc, R language, and GraphPad Prism 7.0 software were used for all data analysis. The independent- or paired- 
sample Student t test was used to compare two groups with Gaussian data. The clinical relevance was analyzed using Pearson’s 
chi-square test. Univariate Cox regression analyses were utilized to evaluate the potential and independent prognostic value of 
AHSA1 regarding OS. The statistical significance was indicated by asterisks (*P < 0.05, **P < 0.01, and ***P < 0.001).

Results
AHSA1 Expression was Upregulated and Associated with Clinicopathological 
Characteristics and Overall Survival
We performed IHC staining on 85 pairs of primary tumor tissues versus adjacent nontumor tissues and found that the 
AHSA1 protein was predominantly expressed in the cytoplasm and membrane of tumor cells and highly expressed in 
tumor tissues but lowly expressed in adjacent nontumor tissues (Figure 1A). According to the scoring of IHC staining, 
the patients were divided into high (N = 43) and low (N = 42) expression groups. The quantitative analysis of IHC scores 
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Figure 1 AHSA1 expression was upregulated and associated with clinicopathological characteristics and overall survival. (A) AHSA1 expression was associated with the 
staging of HCC: (i) negative in adjacent normal tissues, (ii) weak in TNM stage I, (iii) moderate in TNM stage II, and (iv) strong in TNM stage III. 200× magnification, scale bar 
50 μm. (B) AHSA1 expression was significantly higher in 85 pairs of primary HCC tissues than in adjacent nontumor tissues (N = 85, paired-sample t test). (C) Kaplan–Meier 
survival analysis showed that AHSA1 expression was negatively correlated with the overall survival of all 85 patients with HCC (Log rank test). (D) Kaplan–Meier survival 
analysis showed that AHSA1 expression was negatively correlated with the overall survival of 43 patients with HCC with TNM stage I + II (Log rank test). (E) Kaplan–Meier 
survival analysis showed that AHSA1 expression was negatively correlated with the overall survival of 42 patients with HCC with TNM stage III (Log rank test). (F) 
Nomogram based on AHSA1 expression and sex, age, survival time, survival status, pathological staging, invasive depth, TNM stage, pathological grade, metastasis, and 
tumor size using Cox regression. R package “rms”, in 85 samples (C-index = 0.76). (G) Prognostic efficacy of AHSA1 in HCC overall survival. ROC function analysis, AUC of 
0.80, 0.87, and 0.88 for 1, 3, and 5 years. (H) Bioinformatics analyses of AHSA1 transcripts in normal tissues and primary tumor tissues of LIHC in the UALCAN database 
(Student t test, ***P < 0.001). (I) AHSA1 transcripts were closely correlated with the TNM stage of patients with HCC (Student t test, ***P < 0.001, **P < 0.01). (J) AHSA1 
transcripts were closely correlated with the overall survival of patients with HCC (Log rank test).
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revealed that AHSA1 was significantly upregulated in tumor tissues versus adjacent tissues (6.52 ± 0.48 vs 2.94 ± 0.25) 
(P < 0.01) (Figure 1B). The analysis of the clinicopathological features showed that invasive depth, tumor size, and TNM 
stage were significantly correlated with patient overall survival (P < 0.05); however, other features, including age, sex, 
metastasis, lymph node metastasis, and pathological grade did not correlate with overall survival (Table 1). These results 
suggested that AHSA1 might be a poor prognostic factor for HCC initiation and progression.

Kaplan–Meier survival analysis revealed a notable correlation between AHSA1 expression and overall survival in all 
patients (Figure 1C) and patients with TNM stage I + II (Figure 1D) and TNM stage III (Figure 1E). UALCAN database– 
analyzed AHSA1 transcripts were closely correlated with the TNM stage of patients with HCC (Figure S1B). The 
univariate Cox regression analysis of the data of 85 patients with HCC patients revealed that the invasive depth and TNM 
stage were the potential prognostic factors (Table 2). We established a nomogram (Figure 1F) using the Cox method with 
the R package “rms”, which integrated data on survival time, survival status, and eight features, and assessed the 
prognostic significance of these features in 85 samples (C-index = 0.76). Subsequently, we analyzed the prognostic 
efficacy of AHSA1 in HCC overall survival using Receiver Operating Characteristic (ROC) and found that AHSA1 
performed well in HCC with AUC of 0.80, 0.87, and 0.88 for 1, 3, and 5 years, respectively (Figure 1G). Consistently, 
the bioinformatics analyses of the UALCAN database (http://ualcan.path.uab.edu/index.html) showed that AHSA1 
transcripts were also significantly upregulated in tumor tissues compared with adjacent tissues (Figure 1H–J). Thus, 
the results suggested that high expression of AHSA1 was an important independent predictor of poor overall survival.

Table 1 Association of AHSA1 Expression with Clinicopathological Characteristics of 
85 HCC Patients (*χ2-Test)

Characteristics No. of Case Expression of Tspan5 P values*

Low High

Gender 0.274
Male 76 36(47.4%) 40(52.6%)

Female 9 6(66.7%) 3(33.3%)

Age 0.591
<55 45 21(46.7%) 24(53.3%)

≥55 40 21(52.5%) 19(47.5%)

Invasive depth 0.000
T1-T2 43 35(81.4%) 8(18.6%)

T3-T4 42 7(16.7%) 35(83.3%)

TNM stage
I–II 43 35(81.4%) 8(18.6%) 0.000

III–IV 42 7(16.7%) 35(83.3%)

Pathological grade
I–II 57 33(57.9%) 24(42.1%) 0.318

III 28 9(32.1%) 19(67.9%)

Metastasis
No 83 42(50.6%) 41(49.4%) 0.157

Yes 2 0(0) 2(100%)

Lymph node metastasis 0.157
Negative 83 42(50.6%) 41(49.4%)

Positive 2 0(0) 2(100%)

Tumor size (cm) 0.000
<5 37 28(75.6%) 9(24.4%)

≥5 48 14(29.2%) 34(70.8%)

Notes: *P < 0.05, *The result is significant at p < 0.05 (two-tailed hypothesis). 
Abbreviations: HR, Hazard ratio; CI, confidence interval.
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AHSA1 Upregulation Promoted HCC Proliferation, Colony Formation, and Migration 
in vitro and in vivo
We conducted a series of studies to investigate how AHSA1 promoted liver cancer growth and metastasis. First, we 
increased the AHSA1 expression in SMMC-7721 and SK-HEP1 cell lines by retrovirus-mediated transduction. Western 
blotting verified that AHSA1 was significantly upregulated in two cell lines compared with the empty vector–containing 
retrovirus control (Figure 2A). The CCK-8 proliferation assays demonstrated that AHSA1 promoted cell proliferation of 
either SMCC7721 or SK-HEP1 cells compared with the relative control cells (P < 0.001) (Figure 2B). The soft agar 
assay showed that AHSA1 significantly increased the colony formation of SMCC7721 and SK-HEP1 cells (P < 0.001) 
(Figure 2C). Boyden chamber migration assays showed that AHSA1 significantly inhibited the migration of SMCC7721 
and SK-HEP1 cells to the basal compartment (both P < 0.001) (Figure 2D).

We then implanted HCC cells into nude mice. AHSA1 upregulation significantly increased tumor growth 
(SMCC7721-AHSA1 vs SMCC7721-LV, P < 0.05) (Figure 2E and F). The IHC staining for Ki67, active-caspase, and 
AHSA1 showed that the tumor cell proliferation significantly increased in xenograft tumors (SMCC7721-AHSA1 vs 
SMCC7721-LV, P < 0.05) (Figure 2G). For in vivo metastasis experiments, the tumor cells were injected into the tail 
vein of nude mice, following which lung metastasis was performed to validate the results in vitro. After 12 weeks, the 
lung metastasis in mice showed significantly higher metastasis rates of both SK-HEP1-AHSA1 cells compared with SK- 
HEP1-control cells (Figure 2H). Kaplan–Meier survival analysis revealed a negative correlation between AHSA1 
expression and overall survival in nude mice (Figure 2I).

Identification of AHSA1-Related Signaling Pathways by Gene Set Enrichment Analysis, 
Gene Ontology, and Kyoto Encyclopedia of Genes and Genomes Analysis
RNA-Seq was performed to explore the mechanism of AHSA1 promoting HCC growth and metastasis by comparing the 
gene expression profiles in SK-HEP1-AHSA1 cells versus those in SK-HEP1-LV cells. The DEGs between the low- and 
high- AHSA1 expression subgroups are presented in Figure 3A. The gene set enrichment analysis (GSEA) was used to 
screen the signaling pathways involved in GC between the low– and high–AHSA1 expression datasets. GSEA indicated that 
the cell cycle was evidently enriched in samples with the high-AHSA1-expression phenotype (Figure 3B). Differential GO 
enrichment bar diagrams visualized the main functions of differentially expressed genes on GO terms enriched for protein 
binding. These molecules were mainly enriched in the cytosolic part; the biological processes were mainly enriched in the 
negative regulation of transcription from the RNA polymerase II promoter (Figure 3C). Further analysis showed that the 
positive regulation of transcription involved in the G1/S transition of the mitotic cell cycle was more pronounced in SK- 

Table 2 Univariate Analysis of Potential Prognostic Factors in 85 HCC Cancer Patients

Factors No. of Cases Univariate Analysis

HR (95% CI) P value

Sex (Male/Female) 76/9

Age (<55/≥55), year 45/40

Invasive depth (T1 + T2/ T3 + T4) 43/42 32.55 (5.198–203.785) 0.000

TNM stage (I–II/III–IV) 43/42 6.11 (1.093–34.197) 0.039

Lymph node metastasis (No/Yes) 83/2

Metastasis (No/Yes) 83/2

Pathological grade (I–II/ III) 57/28

Tumor size (<5/ ≥5 cm) 37/48

AHSA1 expression (low/high) 43/42

Abbreviations: HR, Hazard ratio; CI, confidence interval.
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Figure 2 AHSA1 upregulation promoted HCC proliferation, colony formation, and migration in vitro and in vivo. (A) Western blotting confirmed the AHSA1 upregulation in both 
SMCC7721 and SK-HEP1 cell lines. (B) CCK-8 assays showed that AHSA1 upregulation induced the growth of SMCC7721 and SK-HEP1 cells (Student t test, **P < 0.01,***P< 
0.001). (C) Soft agar assay showed that AHSA1 significantly increased the colony formation of SMCC7721 and SK-HEP1 cells (Student t test, ***P < 0.001). (D) Boyden chamber 
migration assays showed that AHSA1 significantly increased the migration of SMCC7721 and SK-HEP1 cells (Student t test, **P < 0.01, ***P < 0.001). (E and F) AHSA1 upregulation 
promoted the tumor growth of SMCC7721 cells in BALB/c nude mice. The data (mean ± SD, n = 6) (Student t test, *P < 0.05, ***P < 0.001). (G) IHC and quantification of scoring for 
AHSA1, Ki67, and activated caspase 3 on the xenograft sections of SMCC7721 cells (Student t test, **P < 0.01). (H) AHSA1 upregulation promoted the tumor metastasis of SK- 
HEP1 cells injected through the tail vein in BALB/c nude mice. (I) Kaplan–Meier survival analysis showed that AHSA1 expression was negatively correlated with overall survival 
in vivo (Log rank test,).
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Figure 3 AHSA1-related signaling pathways analysis based on RNA-seq. (A) DEGs between the low- and high- AHSA1 expression subgroups. (B) GSEA analysis was used to 
evaluate the abundance of main signaling pathways. (C) GO functional enrichment analysis of the molecules interacting with AHSA1.
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HEP1 cells overexpressing AHSA1 (Figure 3C). The KEGG analysis demonstrated that the TGF-β signaling pathway was 
involved in samples with the high-AHSA1 expression phenotype (Figures S1A and S1B). Transforming growth factor beta 
(TGF-β) is an important cytokine involved in promoting the growth and metastasis of HCC cells. RNA-seq analysis of 
cytokines revealed that AHSA1 showed a significant positive correlation with TGF-β1, TGF-β2, vascular endothelial growth 
factor beta (VEGF-β), and interleukin-8 (IL-8) in LIHC (Figure S1C). Meanwhile, TGF-β1 was the most significantly 
positively correlated cytokine (Figure S1C). In summary, the RNA-seq analysis demonstrated that the TGF-β signaling 
pathway and cell cycle were significantly correlated with the development of HCC.

AHSA1 Participates in the Cell Cycle by Regulating TGF-β/Akt-cyclinD1/CDK6 
Signaling Pathway to Promote the Growth of HCC
The cell cycle analysis showed a significantly lower proportion of AHSA1-overexpressing SMCC-7721 cells in the G1/ 
G0 phase compared with control cells (51.75 ± 1.12 versus 75.34 ± 0.74, P < 0.001) (Figure 4A). Consistently, decreased 
percentage of cells in the G1/G0 phase by AHSA1 was also observed in SK-HEP1 cells (43.47 ± 1.49 vs 54.43 ± 1.47, 
P < 0.001). Taken together, the results suggested that AHSA1 upregulation increased the cell cycle transition from the G1 
phase to the S phase.

We detected the expression of the G1/S checkpoint protein to investigate the potential mechanisms. Western blotting 
showed that the AHSA1 overexpression induced the expression of cyclinD1, cyclinD3, and CDK6 in both SK-HEP1 and 
SMCC7721 cell lines (Figure 5B). Collectively, the results indicated that AHSA1 upregulation promoted G1–S phase 
transition by inducing cyclinD1, cyclin-D3, and CDK6 activity of HCC cells in vitro.

Previous studies showed significantly elevated levels of phosphorylated AKT in colon cancer cells overexpressing 
AHSA1.19 We hypothesized that AHSA1 also regulated HCC development through the AKT signaling pathway in 
HCC. To test this hypothesis, we first evaluated the phosphorylation of p-AKT in HCC cells. AHSA1 upregulation 
significantly increased the phosphorylation of AKT and cyclinD1 in SK-HEP1 cells in vitro (AHSA1 vs LV) 
(Figure 4C).

MK2206, a highly potent and selective allosteric AKT inhibitor, was used to further explore the role of p-AKT 
in the development of HCC. The cell migration (Figure 4D and E) and cell proliferation (Figure 4F) assays 
confirmed that AHSA1 upregulation increased the abilities of cell migration and growth of SK-HEP1 cells, while 
MK2206 treatment eliminated the ability of SK-HEP1 AHSA1 cells to grow and metastasize (SK-HEP1 LV + 
MK2206 vs SK-HEP1 AHSA1 + MK2206, P >0.05.NS).Importantly, MK2206 dramatically decreased the expres-
sion of the phosphorylation of p-AKT, cyclinD1, and CDK6 in SK-HEP1 cells (Figure 4G and H), suggesting that 
both cyclinD1 and CDK6 were downstream targets of AKT signaling. In addition, the results suggested that 
AHSA1 upregulation increased tumor growth by AKT signaling and induction of the expression of cyclinD1 and 
CDK6 and then regulated the cell cycle transition from G1 to S phase.

The enzyme-linked immunosorbent assay (ELISA) validation analysis showed that AHSA1 upregulation significantly 
increased the secretion of TGF-β in both SK-HEP1 and SMCC7721 cells (AHSA1 vs LV) (Figure 4I). SK-HEP1 cells were 
treated with anti-TGF-β1 blocking antibody (1 µg/mL) for 48 h. Anti-TGF-β1 reversed the effects of AHSA1 overexpression 
on the expression of phosphorylated AKT (Ser473) and cyclinD1, as detected by Western blotting (Figure 4J and K). Thus, 
the results suggested that AHSA1 integrated TGF-β/Akt-cyclinD1/CDK6 signaling in HCC cells.

Association of AHSA1 with CyclinD1, CyclinD3, and CDK6 in vivo and in HCC 
Specimens
Gene Expression Profiling Interactive Analysis (GEPIA) database analysis suggested that the transcriptional expression 
of AKT, cyclinD1, cyclinD3, and CDK6 was significantly higher in the Cancer Genome Atlas (TCGA) HCC tissues than 
in normal liver tissues, as detected by Pearson correlation analysis (all P < 0.05, Figure 5A). IHC staining demonstrated 
that AHSA1 overexpression dramatically increased the expression of cyclinD1, cyclinD3, and CDK6 in SMCC-7721 
xenograft tumors compared with control tumors (all P < 0.001, Figure 5B). Our findings substantiated that AHSA1 might 
regulate HCC growth and metastasis via the TGF-β/Akt-cyclinD1/CDK6 signaling pathway.
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Figure 4 AHSA1 participates in the cell cycle by regulating TGF-β/Akt-cyclinD1/CDK6 signaling pathway to promote the growth of HCC (A) Cell cycle analysis showed that 
AHSA1 upregulation in SMMC-7721 and SK-HEP1 cells reduced the cell cycle arrest in the G1/G0 phase, as detected by the flow cytometry assays (Student t test, ***P < 0.001). (B) 
Western blotting showed that AHSA1 upregulation expression increased the expression of cyclin D1, cyclin D3, and CDK6 in both SMMC-7721 and SK-HEP1 cells. GAPDH was 
used as the protein loading control. The relative protein ratio was quantified using ImagePro Plus 6.0 software and normalized to GAPDH (Student t test, ***P < 0.001). (C) Western 
blotting showed that AHSA1 regulated the expression of p-Akt and CyclinD1 in SK-HEP1 cells (Student t test, **P < 0.01, ***P < 0.001). (D and E) Boyden chamber migration assays 
of SK-HEP1 cells after AHSA1 upregulation and treatment with the Akt inhibitor MK2206 (mean ± SD, n = 3; NS P > 0.05, ***P < 0.001). (F) In vitro growth curves of SK-HEP1 cells 
after AHSA1 upregulation and treatment with the Akt inhibitor MK2206 (mean ± SD, n = 3; Student t test, **P < 0.01). (G and H) Western blotting showed the upregulation of the 
protein expression of AHSA1 in SK-HEP1 cells treated with the Akt inhibitor MK2206 (n = 3, NS P > 0.05, ***P < 0.001, **P < 0.01). (I) ELISA validation analysis showed the 
secretion of TGF-β in both SK-HEP1 and SMCC7721 cells (AHSA1 vs LV) (***P < 0.001). (J and K) Western blotting showed the upregulation of the protein expression of AHSA1 in 
SK-HEP1 cells treated with anti-TGF-β. (***P < 0.001).
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Discussion
Heat shock 90 (Hsp90) proteins play an important role in stabilizing and proper folding of several hundred proteins.20 

HSP90 and its partners coordinate important physiological processes such as cell survival, cell cycle control, hormone 
signaling, and apoptosis.21,22 AHSA1, as one of the partners of heat shock 90 kDa (heat shock protein 90, HSP90), can 
stimulate the ATPase of Hsp90.23 The preliminary results from previous studies of bioinformatics analysis and the results 

Figure 5 Association of AHSA1 with cyclinD1, cyclinD3, and CDK6 in vivo and in HCC specimens. (A) GEPIA database analysis suggested the transcriptional expression of 
Akt, cyclin D1, cyclinD3, and CDK6 in TCGA HCC tissues (Pearson correlation analysis, all P < 0.05). (B) IHC staining demonstrated the expression of AHSA1, cyclinD1, 
cyclinD3, and CDK6 in SMCC-7721 xenograft tumors compared with control tumors (Student t test, ***P < 0.001).
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in vitro indicated that AHSA1 was associated with poor prognosis in multiple cancers and regulated cell growth, 
apoptosis, migration, and invasion of osteosarcoma and breast cancer.14,17,24 Furthermore, LINC00707 was silenced by 
targeting the miR-338-3p/AHSA1 axis in MG-63 and Saos-2 cells, thereby inhibiting cell proliferation, migration, and 
invasion.16 Recent reports indicated that the knockdown of AHSA1 could affect the proliferation and transformation of 
HCC cells; however, the mechanism of AHSA1 in HCC genesis and prognosis has not been reported yet.17

We demonstrated that AHSA1 was highly expressed and significantly correlated with invasive depth, tumor size, and 
TNM stage of HCC, except age, sex, metastasis, lymph node metastasis, and pathological grade in clinicopathological 
features. The multivariate Cox regression analysis revealed AHSA1 as a poor prognostic factor for patient survival. In 
addition, AHSA1 upregulation significantly induced the proliferation, colony formation, and migration of HCC cells both 
in vivo and in vitro. In conclusion, we suggested that AHSA1 was involved in HCC initiation and progression by 
controlling tumor cell proliferation and migration.

We performed gene expression by RNA-seq to further investigate the underlying mechanisms. The bioinformatics 
analysis indicated that the positive regulation of transcription involved in the G1/S transition of the mitotic cell cycle, and 
the TGF-β signaling pathway was significantly correlated with the development of HCC. We demonstrated that AHSA1 
upregulation significantly decreased the percentage of tumor cells arrested in the G1/G0 phase compared with control 
cells. Therefore, we concluded that AHSA1 upregulation significantly induced the cell cycle transition from the G1 phase 
to the S phase. CyclinD1 and CDK6 are central players in such G1–S phase transition.25–27 We found that AHSA1 
upregulation induced the expression of cyclinD1, cyclinD3, and CDK6 both in vitro and in vivo.

The AKT/mTOR signaling pathway is involved in cell proliferation and metabolism and thus plays an important role 
in tumor initiation and progression.28,29 Previous studies showed that AHSA1 expression was consistent with Akt 

Figure 6 Summary of the key results in the working model.
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phosphorylation levels in colon cancer cells.19 The AKT/cyclinD1 pathway modulates tumorigenesis in various 
cancers.30–32 Therefore, we investigated whether AHSA1 regulated the G1–S phase transition via the Akt signaling 
pathway. Indeed, we found that AHSA1 upregulation significantly increased the expression of cyclinD1 as well as the 
phosphorylation of p-AKT. MK-2206, an allosteric and highly potent and selective AKT inhibitor, suppressed AKT 
phosphorylation and enhanced the antitumor efficacy of standard chemotherapeutic agents or molecular targeted drugs 
in vitro and in vivo.33,34 Remarkably, the inhibition of AKT signaling by MK2206 not only eliminated the induced 
growth of tumor cells by AHSA1 upregulation but also reduced the abilities of proliferation and migration of HCC cells. 
In addition, MK2206 significantly reduced the expression of cyclinD1 and CDK6, indicating that both cyclinD1 and 
CDK6 were downstream targets of AKT signaling in HCC. Accordingly, we suggested that AHSA1 promoted HCC cell 
growth and metastasis through the AKT/cyclinD1 signaling pathway involved in the G1–S phase transition. The Pearson 
correlation analysis showed positive correlations of ASHA1 expression with the expression of phosphorylated AKT, 
cyclinD1, and CDK6 in HCC tumors.

TGF-β is a multifunctional cytokine that plays a role in various cancers and regulates various intracellular pathways, 
including drosophila mothers against decapentaplegic protein (Smad), mitogen-activated protein kinase, and phosphati-
dylinositol 3’-kinase– AKT pathways.35–37 The bioinformatics analysis of AHSA1 indicated that the TGF-β signaling 
pathway was significantly enriched in HCC, which was substantiated by ELISA. Anti-TGF-β reversed the effects of 
AHSA1 overexpression on the expression of phosphorylated AKT (Ser473) and cyclinD1 by Western blotting. Thus, the 
results suggested that AHSA1 integrated TGF-β/AKT-cyclinD1/CDK6 signaling in HCC cells. Therefore, we speculated 
that TGF-β might be an upstream signaling molecule of the AKT/cyclinD1/CDK6 signaling pathway.

Altogether, the results substantiated that AHSA1 was upregulated in HCC and associated with some clinicopatho-
logical features and patient’s overall survival. AHSA1 upregulation dramatically induced the proliferation, colony 
formation, and migration of HCC cells both in vivo and in vitro. Mechanistically, AHSA1 upregulation induced the 
G1–S phase transition by increasing the expression of cyclinD1, cyclinD3, and CDK6.

We further elucidated the role of the TGF-β/AKT-cyclinD1/CDK pathway in the control of the tumor development of 
HCC. Our results provided new insights into the carcinogenesis and disease progression of HCC, as well as a rationale 
for novel HCC intervention strategies (Figure 6). Therefore, AHSA1 may act as a potential prognostic biomarker 
of HCC.
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