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Abstract 

Most cancers harbor intra-tumoral hypoxia which promotes tumor progression and therapy 

resistance. Hypoxia-inducible factor 1α (HIF1α) mediates an adaptive response to hypoxia and 

contributes to multiple cancer hallmarks. We describe cancer therapeutic targeting of HIF1α by 

combination of CDK4/6 inhibitors (CDK4/6i) and heat-shock protein 90 inhibitors (HSP90i). 

CDK1 contributes to HSP90-mediated HIF1α stabilization whereas CDK1-knockdown enhances 

HIF1α reduction by HSP90i. Dual CDK1- and HSP90-inhibition increases apoptosis and 

synergistically inhibits cancer cell viability. To translate our findings, we use FDA-approved 

CDK4/6i in combination with HSP90i to reduce HIF1α expression and suppress viability of 

multiple cancer cell types, including Rb-deficient cancer cells. Overexpression of HIF1α668E 

partially rescues the cell viability inhibition by combination CDK4/6i and HSP90i treatment under 

hypoxia. CDK4/6i and HSP90i suppresses tumor growth in vivo. Thus, combined targeting of 

CDK4/6 and HSP90, through a drug class effect, inhibits HIF1α and shows preclinical anti-cancer 

therapeutic efficacy, including with Rb-deficiency.  
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Introduction 

Accompanying the unrestrained proliferation of malignant cells, solid tumors are generally 

deprived of an adequate oxygen supply1. Regions located further than the oxygen diffusion limit 

(~100 µm)2 to blood vessels become hypoxic. Hypoxia is implicated in cancer, linked to abnormal 

vascularization, altered metabolism, resistance to chemo-/radio-therapy, as well as increased 

cancer cell stemness and metastasis3-7. In adaptation to hypoxia, hypoxia-inducible factor 1 (HIF1), 

as a transcription factor, stimulates a variety of target genes that are involved in altered metabolism, 

cell survival and tumor progression8-10. In particular, the α subunit of HIF1, HIF1α, becomes 

constitutively expressed, which leads to the constant activation of HIF1. 
 

Overexpression of HIF1α is observed in a variety of cancers. In colorectal cancer (CRC), it is 

associated with poor prognosis and early progression11,12. HIF1α inhibits apoptosis13,14, facilitates 

cell migration14 and promotes angiogenesis through upregulation of the target VEGF gene15 in 

CRCs and other tumors. When oxygen is sufficient, in normal cells, HIF1α is hydroxylated by 

prolyl hydroxylase-domain proteins (PHDs) and is targeted by the von Hippel-Lindau (VHL) 

protein complex for ubiquitination and subsequent proteasomal degradation16, which is prevented 

by hypoxia17. However, elevated HIF1α expression is not exclusive to hypoxic conditions.  In renal 

cell carcinomas, VHL is frequently mutated and deficient18. In RCC4 renal cancer cells, for 

instance, HIF1α is constantly expressed at increased levels due to protein stabilization. EGF/EGFR 

signaling transcriptionally activates HIF-1α independently of hypoxia19. Moreover, HIF1α was 

shown to be detectable at other regions in the tumor other than the hypoxic necrotic margin20. 

HIF1α can accumulate in TH17 cells under normoxia and regulates TH17 differentiation, 

suggesting a role of HIF1α in the immune system in both normoxia and hypoxia21. 

 

We previously carried out a chemical library screen for hypoxia sensitizers and uncovered cyclin-

dependent kinase inhibition as a potential therapeutic strategy for hypoxic tumors22. We further 

showed that cyclin-dependent kinase 1 (CDK1) stabilizes HIF1α through phosphorylation of the 

Ser668 residue of HIF1α protein23. Such stabilization occurs not only in hypoxia, but also at the 

G2/M cell cycle phase under normoxic conditions. Moreover, CDK4 is also important for HIF1α 

stabilization, as we uncovered in our study through knockdown of CDK proteins23. Assessment of 
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RCC4 cells demonstrated that the CDK1- or CDK4- inhibitor-mediated HIF1α destabilization is 

independent of a functional VHL protein.  

 

Another VHL-independent HIF1α stabilizer is the heat shock protein 90 (HSP90)24. HSP90 is a 

HIF1α-associated protein25. Overexpression of HSP90 has been correlated with adverse prognosis 

and recognized as a therapeutic target in cancer (e.g. esophageal squamous cell carcinoma, 

melanoma, leukemia) 26-28. Both CDK and HSP90 inhibitors have been widely studied29,30. Ro-

3306 is a CDK1-selective inhibitor31. The CDK4/6 inhibitor, palbociclib, among others has been 

approved by the FDA in combination treatment for breast cancer32,33. HSP90 inhibitors have 

evolved from the classical small molecule geldanamycin to second generation compounds (e.g. 

ganetespib34). In colorectal cancer, ganetespib has been found to inhibit angiogenesis35 and 

sensitizes cells to radiation and chemotherapy36. 

 

We initially investigated the hypothesis that CDK1 and HSP90 signaling overlaps in the regulation 

of HIF1α, and that combination treatment to target both CDK1 and HSP90 may lead to enhanced 

inhibitory effects towards HIF1α expression and function as well as improved anti-cancer efficacy. 

We extended our observations to CDK4/6 inhibitors given the fact there are several FDA-approved 

drugs allowing more rapid translation of our findings. We uncovered a synergy between CDK4/6 

inhibitors and HSP90 inhibitors, as a class effect for each of the two drug classes, through 

convergence upon HIF1a leading to cell death. Importantly, the dual blockade of CDK4/6 and 

HSP90 is observed in Rb-deficient tumor cells suggesting a novel approach for cancer therapy. 

We investigated overexpression of HIF1α668E, a mimic of phosphorylated HIF1a, and showed that 

it partially rescues cell viability inhibition by combined CDK4/6i and HSP90i treatment under 

hypoxia. An additional aspect of this work involves a focus on HIF as a potential biomarker for 

CDK4/6-HSP90 dual inhibition therapy. Overall, our results suggest a novel therapy combination 

that is efficacious in preclinical models for targeting hypoxic tumor cells and this could be further 

advanced and tested in clinical trials.  
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Results 

 

CDK1 contributes to HSP90-mediated HIF1α stabilization 

 

We have previously reported that knockdown of CDK1 led to the reduction of HIF1α level in 

RCC4 VHL-deficient cells23. To reinforce the hypothesis that the regulatory effect on HIF1α by 

CDK1 inhibition is independent of VHL, we examined the level of HIF1α upon addition of CDK1 

inhibitor, Ro-3306, in both RCC4 and RCC4VHL+ cells. As expected, HIF1α was constantly 

expressed in RCC4 cells under normoxia, owing to the loss-of-function mutation of VHL in this 

cell line. In accordance with previous results, CDK1 inhibition reduced HIF1α level in RCC4 in 

normoxia, which could be reversed by proteasome inhibition with MG132 (Fig. 1A). In RCC4VHL+ 

cells where VHL is stably reintroduced, HIF1α expression was dramatically decreased in normoxia 

compared to that in RCC4 cells. Inhibition of CDK1 decreased the level of HIF1α in RCC4VHL+ 

cells, which could be rescued with MG132 (Fig. 1A). Thus, CDK1 inhibition destabilized HIF1α 

in a VHL-independent manner. 

 

Another previously known VHL-independent HIF1α stabilizer and associating partner is 

HSP90ref24,25. We asked whether there is a link between CDK1-mediated and HSP90-mediated 

stabilization of HIF1α. We found that inhibition of CDK1 impaired the interaction between HIF1α 

and HSP90 (Fig. 1B). Moreover, heat shock (40°C) induced HIF1α expression in normoxia, which 

could be partially reversed by treatment with HSP90 inhibitor, geldanamycin, or CDK1 inhibitor, 

Ro-3306 (Fig. 1C). These results suggest that CDK1 may contribute to the stabilization of HIF1α 

by HSP90. 

 

Dual targeting of CDK1 and HSP90 robustly reduces the expression level of HIF1α 

 

On basis of the findings above, we tested whether targeting CDK1 could enhance the inhibitory 

effect on HIF1α expression by HSP90 inhibitors. Consistent with previous findings, the level of 

hypoxia-induced HIF1α was decreased by CDK1 knockdown or HSP90 inhibition with 

geldanamycin. Remarkably, when geldanamycin was added to CDK1-knockdown cells, the 

reduction of HIF1α was further enhanced (Fig. 2A). Such enhanced HIF1α inhibition was also 
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observed with combination treatment using the two inhibitors, Ro-3306 and geldanamycin (Fig. 

2B). 

 

It is known that p53 is mutated in approximately 40%-50% of sporadic colorectal cancers37, we 

tested whether the absence of p53 affects the combinational effect. In HCT116 p53-/- cells, 

combination treatment robustly diminished the level of HIF1α similarly as in wild-type cells (Fig. 

2C), indicating that the HIF1α-regulatory effect is p53-independent. Consistently with these 

observations, the enhanced inhibition of HIF1α by combination treatment was observed in other 

colorectal cancer cells with different p53 status (Fig. 2D) (i.e. HT29: p53G273A; DLD1: p53C241T, 

SW480: p53G273A&C309T; RKO: p53wild-type). 

 

Dual inhibition of CDK1 and HSP90 synergistically suppresses cancer cell viability 

 

The universal effect of HIF1α inhibition by combination of CDK1 knockdown and HSP90 

inhibition among various colorectal cancer cell lines prompted us to investigate the therapeutic 

potential of such combination strategy. We performed a CellTiter-Glo assay to assess the 

combinatorial effect on cell viability by CDK1 and HSP90 inhibitors. We found that Ro-3306 and 

geldanamycin synergistically inhibited HCT116 cell viability in both normoxia and hypoxia (Fig. 

3A, B). 

 

Subsequently we asked whether apoptosis was induced by the combination treatment. We 

performed sub-G1 analysis by flow cytometry to estimate fractional DNA content38. Combination 

of Ro-3306 and geldanamycin significantly increased the sub-G1 population in HCT116 cells as 

compared to control and single treatments in either normoxia or hypoxia (Fig. 3C), indicating the 

increased occurrence of apoptosis. As expected, PARP cleavage was also observed (Fig. 3D) at an 

earlier time point as a marker of initiated apoptosis39. In addition, the robust synergy on cell 

viability inhibition was abrogated in HCT116 Bax-/- cells (Fig. 3E), indicating that Bax may play 

an important role in mediating cell death induced by the CDK1i/HSP90i combination treatment. 

 

Dual inhibition of CDK1 and HSP90 represses the ability of colony formation and cell 

migration 
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Not every single cancer cell is capable of proliferating into a colony40. To determine whether the 

combination treatment as well induces cell reproductive death in an in vitro model, we performed 

clonogenic assays to test the post-treatment change in cell capability to generate colonies. 

Treatment with both Ro-3306 and geldanamycin, at relatively low doses (2.5 µM, 0.02 µM, 

respectively), markedly inhibited colony formation of HCT116 cells in both normoxia (Fig 4A) 

and hypoxia (Fig. 4B). The colonies that formed upon combination treatment were fewer in 

number and smaller in size as compared to control and single treatments. Thus, the dual inhibition 

of CDK1 and HSP90 inhibits colony formation by HCT116 colon cancer cells. 

 

The overexpression of HIF1α in cancer is implicated not only in promoting cell survival but also 

in cell migration41. We performed an in vitro scratch assay42 to test the effect of combination 

treatment on HCT116 motility. An artificial gap was created on a nearly confluent monolayer of 

cells. The cell monolayer bearing wounds was treated with single or combination of the two 

inhibitors, together with Z-VAD-FMK, a pan-caspase inhibitor to prevent treatment-induced cell 

death. Gap ratio was calculated using gap width at 48 hours normalized to that at 0 hour. The ratio 

was significantly higher in the combination treatment group as compared to the control and single 

treatment groups (Fig. 4C, D), suggesting that the combination of Ro-3306 and geldanamycin 

inhibits HCT116 cell migration. 

 

Dual inhibition of CDK4/6 and HSP90 shows anti-cancer effects 

 

We have previously shown that knockdown of CDK4 was able to reduce the level of HIF1α23. 

Considering the clinical use of the FDA-approved CDK4 inhibitors, we sought to examine the 

anti-cancer effects by CDK4 inhibition in combination with HSP90 inhibitors. Two different 

HSP90 inhibitors, ganetespib and onalespib, were tested first in the study. As expected, either 

ganetespib or onalespib alone reduced the expression level of HIF1α (Fig. 5A, B). The addition of 

CDK4 inhibitor, palbociclib, was able to further enhance the HIF1α decrease induced by HSP90 

inhibition (Fig. 5A, B). Knockdown of CDK4 with siRNA exhibited a similar effect 

(Supplementary Fig. 1A). Combination treatment with palbociclib and either of the HSP90 

inhibitors showed synergistic inhibition on cell viability in HCT116 cells in both normoxia and 
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hypoxia (Fig. 5C, D). Such synergy was also observed in other colorectal cancer cells (e.g. SW480, 

Supplementary Fig. 1B, C). Dual inhibition of CDK4 and HSP90 significantly increased the sub-

G1 population in HCT116 cells regardless of oxygen concentration (Fig. 5E). Combination 

treatment with palbociclib and ganetespib significantly inhibited HT29 cell migration in CoCl2-

treated cells where hypoxia is mimicked (Fig. 5F). These results indicate that targeting CDK4/6 in 

combination with HSP90 inhibition has a similar anti-cancer effect as dual inhibition of CDK1 

and HSP90. 

 

CDK4/6 inhibitors have been intensively studied in combination therapies. After palbociclib, two 

CDK4/6 inhibitors, ribociclib and abemaciclib, were approved as anti-cancer drugs. Meanwhile 

there have been many efforts in developing HSP90 inhibitors intended for cancer treatment with 

tolerable toxicity. To further test the translational potential of the dual inhibition strategy, we 

included the CDK4/6 inhibitor abemaciclib and two other HSP90 inhibitors that were being 

examined in clinical trials, XL-888 and TAS-116, in this study. Consistent with the results above, 

XL-888, in combination with palbociclib, exhibited similar inhibitory effects on HIF1α expression 

as well as cell viability (Supplementary Fig. 2). The combination of TAS-116 and palbociclib or 

abemaciclib markedly reduced the level of HIF1α (Supplementary Fig. 3A, D) and synergistically 

suppressed cell viability in SW480 colon cancer cells both in normoxia (Supplementary Fig. 3B, 

E) and hypoxia (Supplementary Fig. 3C, F). 

 

These results not only established the preclinical foundation for potentially testing these drugs in 

clinical trials, but further confirmed a class effect of CDK4/6 and HSP90 dual inhibition in 

colorectal cancer treatment. 

 

Anti-tumor efficacy in vivo by combination treatment with palbociclib and ganetespib   

 

To determine the anti-tumor efficacy of CDK4/6 and HSP90 dual inhibition in vivo, we used HT29 

cancer cells in a xenograft mouse model. HT29 is relatively resistant to ganetespib compared to 

other colorectal cancer cell lines (Supplementary fig. 4). We tested whether the addition of 

palbociclib could improve the tumor-suppressive performance of ganetespib. The weight of drug 

combination-treated tumors was significantly lower than that of control and single treatment 
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groups (Fig. 6A, B). Relative tumor volume was also low in the combination treatment group (Fig. 

6C). There was no evident toxicity or weight loss observed upon the combination treatment 

compared to the control group (Fig. 6D), indicating the safety of simultaneous administration with 

palbociclib and ganetespib. 

 

Interestingly, the combination treatment reduced the presence of microvessels in tumors (Fig. 6E), 

which is consistent with suppression of the role of HIF1α in angiogenesis. In addition, the 

combination treatment increased caspase 3 cleavage and inhibited VEGF expression in the 

xenografts (Supplementary fig. 5). The in vivo results suggest a therapeutic potential of the 

CDK4/6 and HSP90 dual inhibition strategy in cancer treatment. 

 

Combination treatment of CDK4/6 and HSP90 inhibitors synergistically inhibit cell 

viability in multiple cancer types 

 

Although the dual inhibition was mainly evaluated in colorectal cancers in this study, the strategy 

is not necessarily limited to one cancer type. CDK4/6 inhibition was initially investigated and 

approved for treatment in breast cancers. Hypoxia is a prominent characteristic of the tumor 

microenvironment in pancreatic cancer and glioblastoma, both of which lack efficacious 

treatments. Thus, we tested the effect of CDK4/6 and HSP90 dual targeting on HIF1α expression 

in various cancer cell lines. In our later studies, we have focused on using TAS-116 as the HSP90 

inhibitor as it is currently being tested in early phase clinical trials for cancer. Enhanced HIF1α 

inhibition was shown upon the combination treatment of palbociclib and TAS-116 in ASPC1 and 

HPAFII pancreatic cancer cell lines (Supplementary fig. 6A, B) as well as SKBR3 and MDA-MB-

361 breast cancer cells (Supplementary fig. 6C, D). Palbociclib and TAS-116 synergistically 

inhibited SKBR3 cell viability in both normoxia and hypoxia (Supplementary fig. 6E, F). 

Moreover, ganetespib and palbociclib diminished HIF1α expression in T98G glioblastoma cells 

(Supplementary fig. 7A). We have also found that knockdown of CDK4 in combination with 

HSP90 inhibition inhibited the level of HIF1α in PC3 prostate cancer cell line (Supplementary fig. 

7B). These findings suggest that it may be worthwhile to pursue the translational potential of such 

combination treatment in more cancer types. We are currently pursuing a novel phase 1b clinical 

trial combining palbociclib with TAS116 in patients with breast cancer and other solid tumors. 
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Rb-deficiency does not block the combinatorial inhibition of HIF1α and reduced cancer cell 

viability due to targeting of CDK4/6 and HSP90  

 

Rb is a key downstream factor of CDK4/6 activity in cell cycle regulation. Loss of Rb protein is 

believed to convey resistance to CDK4/6 inhibitors. Here we tested whether the inhibitory effect 

by the combination treatment was diminished by Rb-deficiency. Saos2 is an osteosarcoma cell line 

which is naturally Rb-deficient. The combination treatment with abemaciclib and TAS116 

synergistically inhibited cell viability at different doses in Saos2 cells in normoxia and hypoxia 

(Fig. 7A, B). We also knocked down Rb in Rb-proficient (wild-type) cell lines. Knockdown of Rb 

in SW480 cells and MCF7 cells did not affect the inhibitory effect on HIF1α expression upon 

combination treatment (Fig. 7C, D). The combination treatment also showed synergistic inhibition 

of cell viability in Rb-knockdown SW480 cells (Fig. 7E, F). 

 

HIF1a targets VEGFA and SLC2A1 correlate with poor disease-free prognosis in colorectal 

cancer 

 

HIF1α is involved in multiple key signaling pathways in cancer progression. We analyzed the 

TCGA database on colon and rectal cancer using UCSC Xena online exploration tool. The 

overexpression of HIF1α target genes VEGFA and SLC2A1 correlated with poor disease-free 

prognosis in colorectal cancer (Fig. 8). In clinic, pancreatic cancer is often highly hypoxic. The 

overexpression of HIF1α target genes SLC2A1 and PPIA are associated with poor prognosis in 

pancreatic adenocarcinoma (Supplementary fig. 12A). Thus, targeting HIF1α may serve as a 

promising modality in cancer treatment as the poor prognostic factors would be inhibited by the 

proposed dual CDK4/6 and HSP90 inhibition strategy. Both HIF1a and its targets could serve as 

useful biomarkers in future clinical trials of dual CDK4/6 and HSP90 inhibitor therapy.  
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Discussion 

  

We demonstrate a novel convergence of CDK4/6 and HSP90 dual inhibition on HIF1a inhibition 

that is VHL-, p53-, or hypoxia-independent and which can be translated as a cancer therapy, 

including for tumors with Rb-deficiency. In this regard, the data in this manuscript provides the 

preclinical rationale for a planned clinical trial combining CDK4/6 inhibitor palbociclib with 

HSP90 inhibitor TAS-116. The trial is planned for patients with breast cancer who have progressed 

on CDK4/6 inhibitor therapy and for patients with other solid tumors that are Rb-deficient. The 

patent by Zhao S. and El-Deiry W.S., “Dual Inhibition of CDK and HSP90 Destabilizes HIF1α 

and Synergistically Induces Cancer Cell Death”, US Patent 10,729,692 issued on August 4, 2020. 

 

Hypoxia and HIF1α contribute to the malignant cancer progression phenotype across diverse 

cancer types. HIF1α is hyperactivated and participates in promoting breast cancer progression43,44. 

Anabolic metabolism induced by HIF1α leads to gemcitabine resistance in pancreatic cancer45. 

Also, hypoxia/HIF1α exerts a tumor-promoting role by immunosuppression. HIF-1α/VEGF-A 

signaling is indispensable for the tumor infiltration and cytotoxicity of effector CD8+ T cells in 

breast cancer46. Depletion of HIF1α in natural killer (NK) cells disturbs angiogenesis and inhibits 

tumor growth in the MC38 (colon cancer) isograft mouse model47. The immune checkpoint protein 

PD-L1 has been identified as a direct target of HIF-1α48. Meanwhile the pro-cancer effect by 

hypoxia is not limited to solid tumors. Indeed, the local oxygen tension appears quite low in bone 

marrow in vivo49. Hypoxia/HIF1α signaling maintains leukemia stem cells50 and facilitates 

invasion and chemo-resistance51 in T-ALL. It may be useful in cancer therapy to pursue effective 

strategies of targeting hypoxia and HIF1α signaling. 

 

On the basis of our previous findings showing CDK1-mediated stabilization of HIF1α and also 

with the established role of HSP90 in HIF1α expression, we hypothesized a model where CDK1 

contributes to HSP90-mediated stabilization of HIF1α. In our present studies, dual targeting of 

CDK1 or CDK4/6 and HSP90 robustly reduced the level of HIF1α and synergistically inhibited 

cell viability in colorectal cancer lines. To assess the anti-tumor effect, the combination of 

palbociclib and ganetespib was tested on HT29 xenografts. Palbociclib has been used in a colon 

carcinoma xenograft model at the dose up to 150 mg/kg p.o. once per day to achieve tumor burden 
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suppression52. Ganetespib has been used in a HCT116 xenograft colon cancer model at 150 mg/kg 

i.v. once per week to inhibit tumor growth36. In the present study, we administrated into the mice 

considerably lower doses of both compounds (palbociclib at 50 mg/kg; ganetespib at 25 mg/kg). 

We expect for therapeutic purposes, there would be less toxicity associated with HSP90 inhibition 

by reduced dosing in this strategy. As the result showed, body weights were not affected by the 

combination therapy compared to control. However, this does not necessarily preclude the 

possibility of increasing the doses of each drug in case they are well-tolerated. In the relative tumor 

volume measurement (Fig. 6C), although an inhibitory trend was shown by combination treatment, 

no significant difference was indicated by statistical analysis between the palbociclib alone and 

the combination groups. This may be due to the accuracy of measurements, variation among 

individual subjects and limited numbers of animals per group. Notably, HT29 is a relatively 

resistant cell line to ganetespib. The combination with palbociclib sensitized the xenografts for 

ganetespib treatment. Combination of palbociclib and ganetespib did not trigger synergistic 

toxicity to WI38 normal cells in normoxia in vitro (Supplementary fig. 8). Recently, efforts have 

been made to develop new generation of HSP90 inhibitors, which may contribute alternative 

choices other than ganetespib itself. Thus, we are planning to use HSP90 inhibitor TAS-116 in 

combination with palbociclib in a planned clinical study based on the rationale provided in this 

manuscript. 

 

Due to the involvement of HIF1α in multiple aspects in cancer biology, whether the combination 

treatment affects other HIF1α-mediated cancer phenotypes remains to be tested. For instance, 

HIF1α plays an essential role in stem cell-induced target cell invasion53. Hypoxia/HIF1α can 

regulate cancer stem cell-like features54,55. It is not clear whether the CDKi (CDK inhibition) plus 

HSP90i (HSP90 inhibition) treatment modulates cancer stemness. Also, the effect of combination 

treatment on metastasis remains to be unraveled, considering the function of HIF1α as a driving 

force for metastasis/invasiveness14,56-58. In addition, since hypoxia/HIF1α is implicated in many 

immunosuppressive mechanisms59-62, it will be of interest to determine whether the combination 

CDKi/HSP90i treatment modulates the immune response for anti-tumor activities. CDK inhibition 

has recently been shown to stimulate tumor immune response63-65. Furthermore, it remains 

undefined whether any predictive biomarker(s) could be used to indicate sensitivity to the 

combination CDKi/HSP90i treatment. In this regard, HIF expression and HIF targets are prime 
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candidate biomarkers. The enhanced inhibition of HIF1α by combined targeting of CDK1 or 

CDK4/6 and HSP90 was observed in multiple tumor cell lines. It would be useful to explore the 

anti-cancer effect of combination CDKi/HSP90i treatment in additional cancer types, and based 

on our results, we plan to include Rb-deficient solid tumors in the phase 1b study.  

 

We performed a preliminary test on HIF2α expression. The combination treatment slightly reduced 

the level of HIF2α in HCT116 cells at 6 hours (Supplementary fig. 9). It may be interesting to 

investigate the effect on HIF2α according to its role in different cancer types (e.g. clear-cell renal 

cell carcinoma). 

 

To test the involvement of HIF1α in the combination treatment, we transiently transfected HCT116 

cells with plasmids containing HA alone or HA-HIF1α668E, a HIF1α mutant that remains stable 

upon CDK inhibition23. Overexpression of HIF1α668E partially rescued the cell viability inhibition 

by combination treatment under hypoxia (Supplementary fig. 10), indicating that HIF1α may play 

a role in the combination effect. Since E2F signaling serves as an indicator of CDK4/6 activity, 

we performed a Pearson correlation test on some of the HIF1α and E2F target genes using the 

GEPIA tool based on TCGA colon adenocarcinoma data and pancreatic adenocarcinoma data, and 

found correlations between the expression of several HIF1α and E2F targets (Supplementary fig. 

11 & Supplementary fig. 12B), which is consistent with the concept that CDK4/6 activity is linked 

to HIF1α signaling in patient tumors. As both Rb and HIF1α are molecular substrates for CDK4/6, 

we would suggest that HIF1α is a relevant and important target for CDK4/6 inhibitor therapy. In 

that context, HIF1a and its transcriptional targets may serve as useful biomarkers for drug efficacy, 

and the blockade of HIF1a may contribute to the anti-tumor effects of CDK4/6 inhibitors.  

 

In summary, we provide a rationale for targeting HIF1α through a novel combination of CDK and 

HSP90 inhibitors as a potential therapeutic strategy. Our findings suggest new applications of 

previously approved CDK4/6 inhibitory drugs and novel HSP90 inhibitory agents in combination 

therapies in multiple cancer types including Rb-deficient tumors. 
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Materials and Methods 

 

Cell culture 

 

HCT116, SW480, HT29, DLD1 and RKO cells were obtained from American Type Culture 

Collection. HCT116, HT29 and SKBR3 cells were maintained in McCoy’s 5A medium (Hyclone) 

with 10% fetal bovine serum (FBS, Hyclone) and 1% penicillin/streptomycin (P/S). SW480, 

DLD1, RCC4, ASPC1, HPAFII, and T98G cells were maintained in Dulbecco’s modified Eagle 

medium (Hyclone) with 10% FBS and 1% P/S. RKO cells and PC3 cells were maintained in RPMI 

1640 medium (Hyclone) with 10% FBS and 1% P/S. MDA-MB-361 cells were maintained in 

DMEM-F12 with 10% FBS, 1% P/S and 1% glutamine. Saos2 cells were maintained in McCoy’s 

5A medium with 15% FBS and 1% P/S. WI-38 cells were maintained in Eagle's Minimum 

Essential Medium with 10% FBS and 1% P/S. Cells were regularly tested for mycoplasma and 

authenticated. All cell lines were maintained at 37°C in 5% CO2. As for hypoxia treatment, cells 

were kept in a hypoxia chamber (In vivo2, Ruskinn) which maintains 0.5% O2. 

 

Antibodies and reagents 

 

HIF1α and Ran antibodies were purchased from BD Biosciences. CDK1 and CDK4 antibodies 

were purchased from Santa Cruz Biotechnology. HA, Rb, HSP90, PARP and cleaved PARP 

antibodies were purchased from Cell Signaling Technology. Actin antibody was purchased from 

Sigma. HIF2α antibody was purchased from Novus Biologicals. MG-132 was purchased from 

Sigma. Ro-3306 was purchased from Santa Cruz Biotechnology. PD-0332991 (palbociclib) was 

purchased from Medkoo Biosciences. Geldanamycin was purchased from Invivogen. Ganetespib 

was purchased from ApexBio or Medkoo Biosciences. Onalespib was purchased from Cayman 

Chemical Company. XL888 was purchased from Medkoo Biosciences. TAS-116 was purchased 

from Active Biochem. 

 

Western blot 
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Treated cells were lysed in RIPA buffer (Sigma). Protein concentrations were determined using a 

BCA Protein Assay Kit (Life Technologies). Equal amounts of total protein were boiled with 

NuPAGE™ LDS sample buffer (Thermo Fisher Scientific) and reducing agent (Invitrogen) or 2-

Mercaptoethanol. Samples were analyzed with SDS-PAGE. Proteins were transferred to an 

Immobilon-P PVDF membrane (EMD Millipore). Primary and secondary antibodies were added 

in order. Signals were detected after addition of the ECL western blotting substrate (Thermo Fisher 

Scientific). 

 

Cell transfection 

 

Transient transfection of DNA was performed using Opti-MEM (Thermo Fisher Scientific) and 

Lipofectamine 2000 (Life Technologies). pcDNA3-HA-HIF1α plasmid was a gift from William 

Kaelin (Addgene plasmid #18949) 66. Knockdown experiments were performed with Opti-MEM 

and Lipofectamine RNAiMAX (Life Technologies), according to the manufacturer’s protocol. 

Control, CDK1 and CDK4 siRNAs were purchased from Santa Cruz Biotechnology. Rb siRNA 

was purchased from Cell Signaling Technology. 

 

Immunoprecipitation 

 

HCT116 cells were transiently transfected with pcDNA3-HA-HIF1α. After 24 hours, cells were 

treated in hypoxia for 6 hours with MG132 (1 µM). Cells were washed with PBS and fixed in 4% 

formaldehyde. Cell lysis was performed in RIPA buffer with gentle sonication. The protein 

concentration in the lysates was measured and equalized. Part of the lysate was analyzed by SDS-

PAGE and western blot for input monitoring. The remaining majority of the lysate was incubated 

with anti-HA antibody overnight at 4°C, followed by precipitation with Protein A/G Ultra link 

Resin (Thermo Fisher Scientific) for 2-4 hours. 

 

Synergy analysis 

 

Indicated cells were seeded in a 96-well black microplate (Greiner Bio-One) and treated with 

combinations of inhibitors at various concentrations for 48 or 72 hours in normoxia or hypoxia. 
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CellTiter-Glo reagent (Promega) was added and mixed on an orbital shaker at room temperature. 

Luminescence was recorded as a readout to compare viable cell number difference. Combination 

index between two treatments was calculated using Compusyn software. Synergism was indicated 

by a combination index value of < 1. 

 

Colony formation assay 

 

Cells were seeded at the concentration of 500 cells/well in a 6-well plate and allowed to attach 

overnight. After subsequent drug treatment for 72 hours, the culture media was substituted with 

fresh drug-free complete media. Cells were kept in culture for one to two weeks with medium 

replacement every three days. At the endpoint, cells were rinsed with PBS and fixed with 10% 

formalin for 15 min. 0.05% crystal violet was used to stain the colonies. Plates were rinsed 

carefully in the sink with tap water and let dry at room temperature. 

 

Sub-G1 analysis 

 

HCT116 cells were treated with indicated reagents for 48 or 72 hours in normoxia or hypoxia. 

Culture media including floating cells were collected and combined with trypsinized (Gemini Bio-

Products) attached cells. All harvested cells were washed in PBS with 1% FBS. Cells were fixed 

with cold 70% ethanol at 4 °C. Subsequently, cells were washed, incubated in phosphate citrate 

buffer, and stained with propidium iodide (Sigma). The percentage of cells with sub-G1 DNA 

content was analyzed by propidium iodide staining and flow cytometry. 

 

Wound healing assay 

 

The indicated cell lines were plated in 12-well plates at 80~90% confluence. Scratch lines were 

made with a 200-µL pipette tip. After washing with PBS, cells were cultured in media containing 

reagents as indicated. Images were captured at both the beginning and end of the experiment. Gap 

width was measured in each image. Each treatment group contained three replicates. 

 

In vivo studies 
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Animal experiments were conducted in compliance with the Institutional Animal Care and Use 

Committee at Fox Chase Cancer Center and followed the Guide for the Care and Use of Laboratory 

Animals. Hairless combined immunodeficient (SCID) mice were monitored in the Laboratory 

Animal Facility at Fox Chase Cancer Center. HT29 cells were subcutaneously injected into both 

rear flanks of 4-week old mice at 1×106 / 100 µL in Matrigel/PBS. Treatments were started when 

tumors reached 100-125 mm3 as measured by Vernier caliper. Tumor-bearing mice were treated 

with palbociclib or ganetespib or the combination of both. Palbociclib was administered orally via 

gavage at 50 mg/kg daily (dissolved in ddH2O). Ganetespib was administered intravenously via 

retro-orbital injection at 25 mg/kg weekly (dissolved in 10% DMSO, 18% Cremophor RH 40, 3.8% 

dextrose). Growth of tumors was monitored for three weeks. At the endpoint, mice were 

euthanized, and tumors were dissected. The fixation, embedding (with Paraffin), sectioning and 

hematoxylin and eosin (H&E) staining of tumor samples were performed by the Histopathology 

Facility at Fox Chase Cancer Center. 

 

Statistical analysis 

 

Results are presented as the mean ± standard deviation (SD). Difference comparisons were 

performed with Prism software using the Student’s two-tailed t test. Statistically significant 

differences were determined by P value < 0.05. 

 

Correlation analysis 

 

Gene expression correlation analysis was performed using the GEPIA web server 

(http://gepia.cancer-pku.cn/) on colon adenocarcinoma TCGA data. Pearson correlation 

coefficient was calculated. The Kaplan-Meier plot was generated using UCSC Xena based on 

TCGA colon and rectal cancer (https://xena.ucsc.edu/) or using the GEPIA tool based on TCGA 

pancreatic adenocarcinoma cancer. 
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Figure legends 

 

Figure 1. CDK1 contributes to HSP90-mediated HIF1α stabilization. (A) Inhibition of CDK1 

decreases the level of HIF1α in RCC4 cells independently of VHL. Cells were treated with Ro-

3306 (5 µM) or MG132 (1 µM) or both as indicated for 6 hours under normoxia. (B) CDK1 

inhibition (for 6 hours under hypoxia; 0.5% O2) impairs the interaction between HIF1α and HSP90. 

HCT116 cells were treated with MG132 and cultured in hypoxia for 6 hours with or without Ro-

3306. Cells were fixed and lysed for co-immunoprecipitation analysis. (C) CDK1 partially 

reversed heat shock-induced HIF1α expression. HCT116 cells were treated at 40°C with the 

indicated inhibitors for 6 hours. 

 

Figure 2. Dual inhibition of CDK1 and HSP90 robustly reduces the level of HIF1α. (Α) HCT116, 

(C) HCT116 p53-/- cells or (D) other colorectal cell lines were treated with control or CDK1 

siRNA for 48 hours, followed by treatment with DMSO or geldanamycin under hypoxia (0.5% 

O2) for 6 hours. (B) Cells were treated with Ro-3306, geldanamycin, or the combination of both 

for 6 hours under hypoxia. 

 

Figure 3. Ro-3306 and geldanamycin synergistically inhibit HCT116 cell viability through 

induction of apoptosis. (A) In normoxia or (B) hypoxia (0.5% O2), cells were treated with Ro-3306 

and geldanamycin at the indicated concentrations for (A) 48 or (B) 72 hours. (C) Sub-G1 analysis 

by propidium iodide staining and flow cytometry of cells treated with Ro-3306 (10 µM) and 

geldanamycin (1 µM) under normoxia for 48 hours or under hypoxia for 72h. (D) Western blot of 

PARP cleavage in cells treated with Ro-3306 or geldanamycin or both. (Ε) CellTiter-Glo analysis 

of cell viability in HCT116 Bax-/- cells treated at indicated concentrations under normoxia for 48 

hours. ** p<0.01; *** p<0.005; **** p<0.001. 

 

Figure 4. Combination CDK1 and HSP90 inhibitor treatment inhibits colony formation and 

migration in HCT116 cells. (A) In normoxia or (B) In hypoxia (0.5% O2), HCT116 cells were 

treated with the indicated combination treatments for 72 hours. Drug-containing media was 

replaced with regular culture media, and cells were allowed to grow and form colonies for 1 week. 

(C) Scratch assay and (D) quantification for HCT116 cells under normoxia for 48 hours. Gap ratio 
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refers to the ratio of gap width at 48 hours versus at 0 hours. Cells were treated with Z-VAD 

caspase inhibitor to prevent cell death. (R: Ro-3306; G: geldanamycin.) n=3. ** p<0.01; *** 

p<0.005; **** p<0.001. 

 

Figure 5. Dual inhibition of CDK4/6 and HSP90 reduces HIF1α in colorectal cancer cells and 

synergistically inhibits cell viability in HCT116. (A) HCT116 cells were treated with the indicated 

inhibitors (ganetespib at 0.05 µM and palbociclib at 10 µM) for 6 hours under hypoxia (0.5% O2). 

(B) SW480 cells were treated with the indicated inhibitors (ganetespib at 0.05 µM, onalespib at 

0.05 µM, and palbociclib at 10 µM) for 6 hours under hypoxia (0.5% O2). (C, D) CDK4 inhibitor 

palbociclib and HSP90 inhibitor ganetespib or onalespib synergistically inhibit the viability of 

HCT116 cells at 72 hours in normoxia and hypoxia (0.5% O2). (E) Sub-G1 analysis by propidium 

iodide staining and flow cytometry for HCT116 cells treated with the indicated drug combinations 

(ganetespib at 0.04 µM; palbocilib at 10 µM) for 48 hours. (F) Scratch assay in HT29 cells under 

CoCl2 treatment (50µΜ) to mimic hypoxia for 72 hours. (P: palbociclib; G: ganetespib.) * p< 0.05; 

** p<0.01; *** p<0.005. 

 

Figure 6. Combination treatment with palbociclib and ganetespib inhibits tumor growth in vivo. 

(A) Tumors excised from HT29 xenografts in nude mice. (B) Tumor weight quantification of 

excised tumors. (C) Relative tumor volume measured over time. Tumor volumes were normalized 

to those at the beginning of treatment. (D) Body weight of mice in different treatment groups. (E) 

Combination treatment inhibits microvessel formation in tumors in vivo. # control vs. combination: 

p<0.05; * ganetespib vs. combination: p<0.05. 

 

Figure 7. Rb-deficiency does not affect the combinatorial inhibition of HIF1α expression and cell 

viability. (A, B) Combination treatment with abemaciclib and TAS116 synergistically inhibits cell 

viability in Saos2 osteosarcoma cells at 72 hours under (A) normoxia and (B) hypoxia (0.5% O2). 

(C) SW480 cells were incubated with Rb-targeting siRNA for 48 hours and subsequently treated 

with 1 µM abemaciclib and/or 0.5 µM TAS116 for 6 hours in hypoxia (0.5% O2). (D) Knockdown 

of Rb does not affect HIF1α inhibition by combination drug treatment with TAS116 and 

abemaciclib in MCF7 breast cancer cells. (E, F) SW480 cells were treated with (E) mock or (F) 
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Rb-targeting siRNA for 48 hours and subsequently treated with indicated combinations under 

normoxia (upper) or 0.5% O2 hypoxia (lower). 

 

Figure 8. Correlation between the overexpression of HIF1α target genes VEGFA and SLC2A1 and 

poor disease-free interval. The analysis was performed with the UCSC Xena tool on TCGA colon 

and rectal cancer samples. (A) Correlation between VEGFA expression and disease-free interval. 

P value=0.0001. (B) Correlation between SLC2A1 expression and disease-free interval. P 

value=0.034. 
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DRVe TAS116 DRVe Abema EffecW CI
0.25     1.25     0.64542     1.05428
0.25     2.5     0.59412     1.35468
0.25     5.0     0.31076     0.61894
0.5     1.25     0.61653     1.28396
0.5     2.5     0.47859     1.08697
0.5     5.0     0.2505     0.61684
1.0     1.25     0.4497     1.25235
1.0     2.5     0.35906     1.13084
1.0     5.0     0.15189     0.60964
2.0     1.25     0.33416     1.72492
2.0     2.5     0.23307     1.37936
2.0     5.0     0.07669     0.70841
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CI DaWa fRU NRQ-CRQVWaQW CRPbR: TASAbe (TAS116+AbePa)
DRVe TAS116 DRVe AbePa EIIecW CI
0.25     0.5     0.99848     16.3081
0.5     0.5     0.85676     1.29081
1.0     0.5     0.63105     1.01745
2.0     0.5     0.41094     1.16132
0.25     1.0     0.72062     1.07163
0.5     1.0     0.50017     0.75665
1.0     1.0     0.27377     0.64227
2.0     1.0     0.24507     0.96154
0.25     2.0     0.36962     0.79522
0.5     2.0     0.21532     0.59155
1.0     2.0     0.2551     0.85557
2.0     2.0     0.24578     1.19787

CRPbiQaWiRQ IQde[ PORW

DRI DaWa fRU NRQ-CRQVWaQW CRPbR: TASAbe (TAS116+AbePa)
Fa DRVe TAS116 DRVe AbePa DRI TAS116 DRI AbePa

0.99848     0.15512     0.03402     0.62047     0.06804     
0.85676     0.91487     0.67178     1.82974     1.34357     
0.63105     1.46789     1.48723     1.46789     2.97446     
0.41094     2.05961     2.62799     1.02980     5.25598     
0.72062     1.25693     1.14582     5.02774     1.14582     
0.50017     1.79727     2.09008     3.59454     2.09008     
0.27377     2.59858     3.88432     2.59858     3.88432     
0.24507     2.74952     4.27103     1.37476     4.27103     
0.36962     2.19930     2.93448     8.79720     1.46724     
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CI DaWa fRU NRQ-CRQVWaQW CRPbR: TASAbe (TAS116+AbePa)
DRVe TAS116 DRVe AbePa EIIecW CI
0.25     0.5     0.88581     1.49833
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1.0     1.0     0.40946     1.11024
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1.0     2.0     0.26884     1.18359
2.0     2.0     0.3217     1.90725

CRPbiQaWiRQ IQde[ PORW

DRI DaWa fRU NRQ-CRQVWaQW CRPbR: TASAbe (TAS116+AbePa)
Fa DRVe TAS116 DRVe AbePa DRI TAS116 DRI AbePa

0.88581     0.98406     0.40184     3.93625     0.80367     
0.74878     1.19561     0.76571     2.39122     1.53143     
0.50897     1.48241     1.56053     1.48241     3.12105     
0.32545     1.73212     2.61299     0.86606     5.22598     
0.63785     1.33076     1.09162     5.32302     1.09162     
0.46166     1.54073     1.77321     3.08146     1.77321     
0.40946     1.60886     2.04634     1.60886     2.04634     
0.40131     1.61997     2.09351     0.80998     2.09351     
0.38989     1.63580     2.16201     6.54319     1.08101     
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CI DaWa fRU NRQ-CRQVWaQW CRPbR: TASAbe (TAS116+AbePa)
DRVe TAS116 DRVe AbePa EIIecW CI
0.25     0.5     0.99355     4.08977
0.5     0.5     0.83387     1.04971
1.0     0.5     0.63226     1.07806
2.0     0.5     0.41129     1.44564
0.25     1.0     0.70645     0.98430
0.5     1.0     0.4871     0.80799
1.0     1.0     0.27145     0.83399
2.0     1.0     0.24484     1.32690
0.25     2.0     0.38226     0.90958
0.5     2.0     0.2129     0.74202
1.0     2.0     0.25806     1.09440
2.0     2.0     0.23677     1.57302

CRPbiQaWiRQ IQde[ PORW

DRI DaWa fRU NRQ-CRQVWaQW CRPbR: TASAbe (TAS116+AbePa)
Fa DRVe TAS116 DRVe AbePa DRI TAS116 DRI AbePa

0.99355     0.51866     0.13859     2.07466     0.27718     
0.83387     1.06359     0.86265     2.12719     1.72531     
0.63226     1.33159     1.52870     1.33159     3.05740     
0.41129     1.60844     2.47280     0.80422     4.94561     
0.70645     1.24090     1.27741     4.96361     1.27741     
0.4871     1.50812     2.09885     3.01624     2.09885     
0.27145     1.83513     3.45932     1.83513     3.45932     
0.24484     1.88944     3.72598     0.94472     3.72598     
0.38226     1.64989     2.63834     6.59957     1.31917     
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CI DaWa fRU NRQ-CRQVWaQW CRPbR: TASAbe (TAS116+AbePa)
DRVe TAS116 DRVe AbePa EIIecW CI
0.25     0.5     0.73976     0.61262
0.5     0.5     0.74144     0.88877
1.0     0.5     0.40208     0.62821
2.0     0.5     0.30106     0.75024
0.25     1.0     0.46761     0.69553
0.5     1.0     0.43801     0.77374
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2.0     1.0     0.44639     1.37667
0.25     2.0     0.53537     1.35081
0.5     2.0     0.41512     1.32713
1.0     2.0     0.41549     1.50692
2.0     2.0     0.42089     1.88163
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DRI DaWa fRU NRQ-CRQVWaQW CRPbR: TASAbe (TAS116+AbePa)
Fa DRVe TAS116 DRVe AbePa DRI TAS116 DRI AbePa

0.73976     0.91924     1.46776     3.67698     2.93552     
0.74144     0.91283     1.46617     1.82566     2.93235     
0.40208     2.91449     1.75381     2.91449     3.50761     
0.30106     4.16311     1.85301     2.08155     3.70601     
0.46761     2.35353     1.69690     9.41413     1.69690     
0.43801     2.58978     1.72213     5.17957     1.72213     
0.44025     2.57100     1.72020     2.57100     1.72020     
0.44639     2.52030     1.71492     1.26015     1.71492     
0.53537     1.89387     1.64095     7.57549     0.82047     
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Supplementary Figure Legends 
 

Supplementary figure 1. Dual inhibition of CDK4 and HSP90 decreases HIF1α level and 

synergistically inhibits cell viability in SW480 cells. (A) SW480 cells were treated with DMSO or 

ganetespib (1 µM) after 48 hours of knockdown of CDK4. (B, C) SW480 cells were treated with 

palbociclib and onalespib at the indicated doses for 72 hours in (B) normoxia and (C) hypoxia (0.5% 

O2). 

 

Supplementary figure 2. Combination treatment with the HSP90 inhibitor XL-888 and CDK4/6 

inhibitor palbociclib inhibits HIF1α and cell viability in colorectal cancer. (A) HCT116 and (B) 

HT29 colon cancer cells were treated with indicated inhibitors (XL-888 at 0.05 µM, onalespib at 

0.05 µM, and palbociclib at 10 µM) for 6 hours under hypoxia (0.5% O2). (C, D) In HCT116 and 

(E, F) SW480 colon cancer cells, XL-888 and palbociclib synergistically inhibit cell viability under 

(C, E) normoxia and (D, F) hypoxia (0.5% O2). 

 

Supplementary figure 3. The combinatorial effect of CDK4/6 inhibitors with HSP90 inhibitors 

applies to alternative inhibitors in SW480 cells. (A) SW480 cells were treated with the indicated 

inhibitors (TAS-116 at 0.5 µM and palbociclib at 10 µM) for 6 hours under hypoxia (0.5% O2). 

(B, C) CDK4 inhibitor palbociclib and HSP90 inhibitor TAS-116 synergistically inhibit the 

viability of SW480 cells in (B) normoxia and (C) hypoxia (0.5% O2). (D) SW480 cells were treated 

with indicated inhibitors (TAS-116 at 0.5 µM and abemaciclib at 10 µM) for 6 hours under hypoxia 

(0.5% O2). (E, F) CDK4 inhibitor abemaciclib and HSP90 inhibitor TAS-116 synergistically 

inhibit the viability of SW480 cells in (B) normoxia and (C) hypoxia (0.5% O2). 

 

Supplementary figure 4. Dose response curve of ganetespib in colorectal cancer cell lines. (A) In 

normoxia or (B) in hypoxia (0.5% O2), cells were treated with increasing doses of ganetespib for 

72 hours. Null: HCT116 p53-/- colorectal cancer cells. 

 

Supplementary figure 5. Combinatorial treatment by CDK4/6 inhibitor palbociclib and HSP90 

inhibitor ganetespib increased caspase 3 cleavage and inhibited VEGF expression in xenograft 

tumors. (A) IHC staining of cleaved caspase 3. (B) IHC staining of VEGF. 
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Supplementary figure 6. Dual inhibition of CDK4 and HSP90 inhibits HIF1α and cell viability 

in multiple cancer types. (A) ASPC1 and (B) HPAFII pancreatic cancer cells as well as (C) SKBR3 

and (D) MDA-MB-361 breast cancer cells were treated with the indicated inhibitors (TAS-116 at 

0.5 µM, palbociclib at 10 µM and abemaciclib at 1µM) for 6 hours under hypoxia (0.5% O2). (E) 

In normoxia and (F) hypoxia (0.5% O2), CDK4 inhibitor palbociclib and HSP90 inhibitor TAS-

116 inhibit the viability of SKBR3 cells. 

 

Supplementary figure 7. Dual inhibition of CDK4/6 and HSP90 robustly decreases the levels of 

HIF1α in multiple cancer cell types. (A) T98G cells were treated with palbociclib or ganetespib or 

the combination of both in hypoxia (0.5% O2) for 6 hours. (B) PC3 cells were treated with 

ganetespib for 6 hours under hypoxia (0.5% O2) after 48 hours of knockdown of CDK4. 

 

Supplementary figure 8. Combination of CDK1 inhibitor Ro-3306 or CDK4/6 inhibitor 

palbociclib and HSP90 inhibitor ganetespib does not induce cell death in WI38 normal cells in 

normoxia. 

 

Supplementary figure 9. Dual inhibition of CDK4/6 and HSP90 slightly inhibits HIF2α in 

HCT116 cells. Cells were treated with the indicated inhibitors (ganetespib at 0.05 µM, onalespib 

at 0.05 µM, palbociclib and abemaciclib at 10 µM) for 6 hours under hypoxia (0.5% O2). 

 

Supplementary figure 10. Overexpression of HIF1α668E partially rescued the cell viability 

inhibition by combination of CDK4/6 and HSP90 inhibitor treatment under hypoxia. Cells were 

transfected with pcDNA3 plasmid carrying (A) HA tag or (B) HA-HIF1α668E for 48 hours, and 

subsequently treated with the indicated drug combinations for 72 hours under hypoxia (0.5% O2). 

(C) HIF1α overexpression by HA-HIF1α668E at 48 hours post transfection or 48 hours transfection 

plus 6 hours 0.5% O2 hypoxia treatment. 

 

Supplementary figure 11. Pearson correlation analysis between HIF1α and E2F target genes in 

colon adenocarcinoma. The analysis is performed using the GEPIA online tool based on TCGA 

colon adenocarcinoma data. 
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Supplementary figure 12. Analysis of TCGA data in pancreatic adenocarcinoma (PAAD). (A) 

Overexpression of HIF1α target genes SLC2A1 and PPIA is correlated with poor overall survival 

and disease-free survival in PAAD patients. (B) Correlations between HIF1α target genes 

(SLC2A1 and PPIA) and E2F target genes (RRM2, CCNA2 and CDC6) based on TCGA PAAD 

data. 
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CI Data for Non-Constant Combo: X+P (X+P)
Dose X Dose P Effect CI
0.05     2.5     0.492     0.94277
0.05     5.0     0.384     0.90192
0.05     10.0     0.163     0.84745
0.1     2.5     0.343     0.88972
0.1     5.0     0.259     0.84258
0.1     10.0     0.112     0.78987
0.2     2.5     0.227     0.87748
0.2     5.0     0.181     0.86785
0.2     10.0     0.085     0.79058
0.4     2.5     0.215     1.44120
0.4     5.0     0.164     1.21616
0.4     10.0     0.086     0.97682

Combination Index Plot
 

DRI Data for Non-Constant Combo: X+P (X+P)
Fa Dose X Dose P DRI X DRI P

0.492     0.07577     8.83662     1.51549     3.53465     
0.384     0.12567     9.91982     2.51331     1.98396     
0.163     0.47791     13.4620     9.55825     1.34620     
0.343     0.15404     10.3924     1.54045     4.15697     
0.259     0.24418     11.5464     2.44176     2.30928     
0.112     0.78696     15.0876     7.86955     1.50876     
0.227     0.29822     12.0864     1.49112     4.83454     
0.181     0.41331     13.0225     2.06657     2.60449     
0.085     1.11797     16.3483     5.58983     1.63483     
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CI Data for Non-Constant Combo: X+P (X+P)
Dose X Dose P Effect CI
0.05     2.5     0.482     0.60724
0.05     5.0     0.274     0.73336
0.05     10.0     0.031     0.81625
0.1     2.5     0.369     0.69188
0.1     5.0     0.167     0.70870
0.1     10.0     0.024     0.79674
0.2     2.5     0.296     0.88662
0.2     5.0     0.159     0.85900
0.2     10.0     0.021     0.80954
0.4     2.5     0.3     1.48562
0.4     5.0     0.182     1.28074
0.4     10.0     0.02     0.86544

Combination Index Plot
 

DRI Data for Non-Constant Combo: X+P (X+P)
Fa Dose X Dose P DRI X DRI P

0.482     0.19291     7.18278     3.85822     2.87311     
0.274     0.37190     8.34846     7.43804     1.66969     
0.031     2.23894     12.5958     44.7787     1.25958     
0.369     0.27045     7.76088     2.70451     3.10435     
0.167     0.58922     9.27671     5.89219     1.85534     
0.024     2.71123     13.1604     27.1123     1.31604     
0.296     0.34380     8.19953     1.71901     3.27981     
0.159     0.61490     9.36783     3.07450     1.87357     
0.021     2.99447     13.4635     14.9723     1.34635     
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CI Data for Non-Constant Combo: X+P (X+P)
Dose X Dose P Effect CI
0.05     2.5     0.568     0.77602
0.05     5.0     0.516     0.64938
0.05     10.0     0.439     0.52627
0.1     2.5     0.446     0.68417
0.1     5.0     0.411     0.59972
0.1     10.0     0.332     0.42591
0.2     2.5     0.378     0.85085
0.2     5.0     0.344     0.71333
0.2     10.0     0.274     0.47927
0.4     2.5     0.346     1.34104
0.4     5.0     0.32     1.15004
0.4     10.0     0.276     0.87967

Combination Index Plot
 

DRI Data for Non-Constant Combo: X+P (X+P)
Fa Dose X Dose P DRI X DRI P

0.568     0.07483     23.1880     1.49654     9.27521     
0.516     0.10352     30.0517     2.07039     6.01035     
0.439     0.16708     44.0504     3.34162     4.40504     
0.446     0.15990     42.5315     1.59901     17.0126     
0.411     0.19952     50.7577     1.99517     10.1515     
0.332     0.33737     77.2209     3.37369     7.72209     
0.378     0.24712     60.2184     1.23558     24.0874     
0.344     0.31049     72.2654     1.55245     14.4531     
0.274     0.51662     108.535     2.58308     10.8535     
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CI Data for Non-Constant Combo: X+P (X+P)
Dose X Dose P Effect CI
0.05     2.5     0.614     0.73220
0.05     5.0     0.489     0.46568
0.05     10.0     0.361     0.31664
0.1     2.5     0.521     0.59882
0.1     5.0     0.415     0.38751
0.1     10.0     0.334     0.31904
0.2     2.5     0.476     0.75610
0.2     5.0     0.393     0.51295
0.2     10.0     0.311     0.36830
0.4     2.5     0.436     1.05965
0.4     5.0     0.354     0.66499
0.4     10.0     0.277     0.43531

Combination Index Plot
 

DRI Data for Non-Constant Combo: X+P (X+P)
Fa Dose X Dose P DRI X DRI P

0.614     0.13069     7.15094     2.61374     2.86037     
0.489     0.29659     16.8297     5.93177     3.36594     
0.361     0.69388     40.8866     13.8776     4.08866     
0.521     0.24125     13.5645     2.41247     5.42582     
0.415     0.48062     27.8630     4.80624     5.57260     
0.334     0.84085     49.9709     8.40848     4.99709     
0.476     0.32257     18.3722     1.61284     7.34890     
0.393     0.55695     32.4994     2.78473     6.49988     
0.311     0.99648     59.6681     4.98242     5.96681     
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CI Data for Non-Constant Combo: TAS+PD (TAS+PD)
Dose TAS Dose PD Effect CI
0.25     2.5     0.809     1.64611
0.25     5.0     0.681     1.28008
0.25     10.0     0.544     1.13733
0.5     2.5     0.694     1.13218
0.5     5.0     0.573     0.96922
0.5     10.0     0.461     0.92810
1.0     2.5     0.521     0.94303
1.0     5.0     0.44     0.86817
1.0     10.0     0.343     0.77911
2.0     2.5     0.419     1.24343
2.0     5.0     0.323     0.99879
2.0     10.0     0.275     0.95050

Combination Index Plot
 

DRI Data for Non-Constant Combo: TAS+PD (TAS+PD)
Fa Dose TAS Dose PD DRI TAS DRI PD

0.809     0.55724     2.08772     2.22898     0.83509     
0.681     0.87456     5.02908     3.49824     1.00582     
0.544     1.28244     10.6114     5.12978     1.06114     
0.694     0.84043     4.65334     1.68086     1.86134     
0.573     1.18694     9.12455     2.37388     1.82491     
0.461     1.59628     16.2636     3.19256     1.62636     
0.521     1.36282     11.9472     1.36282     4.77889     
0.44     1.68791     18.1342     1.68791     3.62683     
0.343     2.20871     30.6411     2.20871     3.06411     
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CI Data for Non-Constant Combo: TAS+PD (TAS+PD)
Dose TAS Dose PD Effect CI
0.25     2.5     0.591     1.09755
0.25     5.0     0.534     0.65978
0.25     10.0     0.488     0.49316
0.5     2.5     0.489     0.42556
0.5     5.0     0.447     0.35442
0.5     10.0     0.457     0.46236
1.0     2.5     0.426     0.55442
1.0     5.0     0.39     0.47891
1.0     10.0     0.344     0.39136
2.0     2.5     0.342     0.75654
2.0     5.0     0.311     0.65879
2.0     10.0     0.249     0.48573

Combination Index Plot
 

DRI Data for Non-Constant Combo: TAS+PD (TAS+PD)
Fa Dose TAS Dose PD DRI TAS DRI PD

0.591     0.97224     2.97473     3.88896     1.18989     
0.534     1.22079     10.9890     4.88316     2.19780     
0.488     1.46280     31.0316     5.85118     3.10316     
0.489     1.45706     30.3396     2.91412     12.1358     
0.447     1.71966     78.5415     3.43932     15.7083     
0.457     1.65283     62.5593     3.30567     6.25593     
0.426     1.87003     127.080     1.87003     50.8321     
0.39     2.16485     294.461     2.16485     58.8923     
0.344     2.62987     899.716     2.62987     89.9716     
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MedLaQ-EIIecW PORW

CI DaWa IRU NRQ-CRQVWaQW CRPbR: TAS+Ab (TAS116+AbePa)
DRVe TAS116 DRVe Abema EffecW CI
0.25     0.5     0.512     1.00091 
0.25     1.0     0.119     0.65842 
0.25     2.0     0.097     1.13327 
0.5     0.5     0.354     0.82084 
0.5     1.0     0.072     0.53092 
0.5     2.0     0.114     1.28497 
1.0     0.5     0.138     0.53458 
1.0     1.0     0.08     0.63328 
1.0     2.0     0.105     1.31050 
2.0     0.5     0.063     0.45995 
2.0     1.0     0.08     0.77458 
2.0     2.0     0.094     1.38753 

Supplementary figure 3
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CI Data for Non-Constant Combo: TAS+PD (TAS+PD)
Dose TAS Dose PD Effect CI
0.25     2.5     0.832     1.31727
0.25     5.0     0.699     1.07723
0.25     10.0     0.513     0.94918
0.5     2.5     0.595     0.87099
0.5     5.0     0.497     0.82126
0.5     10.0     0.337     0.70705
1.0     2.5     0.468     1.05769
1.0     5.0     0.376     0.92296
1.0     10.0     0.218     0.65901
2.0     2.5     0.336     1.33281
2.0     5.0     0.284     1.20584
2.0     10.0     0.166     0.83891

Combination Index Plot
 

DRI Data for Non-Constant Combo: TAS+PD (TAS+PD)
Fa Dose TAS Dose PD DRI TAS DRI PD

0.832     0.33083     4.45158     1.32333     1.78063     
0.699     0.56074     7.91903     2.24296     1.58381     
0.513     0.97266     14.4476     3.89064     1.44476     
0.595     0.77144     11.2179     1.54289     4.48717     
0.497     1.01702     15.1684     2.03404     3.03369     
0.337     1.61605     25.1478     3.23209     2.51478     
0.468     1.10276     16.5697     1.10276     6.62789     
0.376     1.43541     22.0954     1.43541     4.41909     
0.218     2.45587     39.7109     2.45587     3.97109     
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CI Data for Non-Constant Combo: TAS+PD (TAS+PD)
Dose TAS Dose PD Effect CI
0.25     2.5     0.948     2.19459
0.25     5.0     0.657     1.00375
0.25     10.0     0.263     1.06911
0.5     2.5     0.584     0.84992
0.5     5.0     0.324     0.76031
0.5     10.0     0.058     0.74734
1.0     2.5     0.395     0.88982
1.0     5.0     0.186     0.73569
1.0     10.0     0.057     0.80028
2.0     2.5     0.297     1.15460
2.0     5.0     0.124     0.81850
2.0     10.0     0.063     0.94464

Combination Index Plot
 

DRI Data for Non-Constant Combo: TAS+PD (TAS+PD)
Fa Dose TAS Dose PD DRI TAS DRI PD

0.948     0.14904     4.83349     0.59617     1.93340     
0.657     0.74881     7.46392     2.99524     1.49278     
0.263     2.49584     10.3205     9.98336     1.03205     
0.584     0.93553     7.92487     1.87105     3.16995     
0.324     2.02038     9.74984     4.04077     1.94997     
0.058     8.78901     14.4832     17.5780     1.44832     
0.395     1.61904     9.18563     1.61904     3.67425     
0.186     3.43494     11.2470     3.43494     2.24941     
0.057     8.90597     14.5349     8.90597     1.45349     
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Supplementary figure 10

HA

Abemaciclib

TAS116

HA-HIF1αS668E

TAS116

Abemaciclib

MHGLDQ-EIIHFW PORW

CI DDWD IRU NRQ-CRQVWDQW CRPER: AEHTAS (AEHPD+TAS116)
DRVe Abema DRVe TAS116 EffecW CI
0.25     0.25     0.60081     0.81050 
0.25     0.5     0.53226     0.72617 
0.25     1.0     0.36411     0.64897 
0.25     2.0     0.18427     0.81638 
0.25     4.0     0.11452     1.36838 
0.5     0.25     0.67742     2.29140 
0.5     0.5     0.52823     1.14278 
0.5     1.0     0.20605     0.50392 
0.5     2.0     0.1121     0.70726 
0.5     4.0     0.14395     1.49483 
1.0     0.25     0.39919     0.93120 
1.0     0.5     0.34315     0.80657 
1.0     1.0     0.1125     0.40914 
1.0     2.0     0.08548     0.67017 
1.0     4.0     0.06492     1.18858 
2.0     0.25     0.19637     0.47790 
2.0     0.5     0.125     0.34745 
2.0     1.0     0.06532     0.35204 
2.0     2.0     0.05887     0.61715 
2.0     4.0     0.04919     1.11714 

MHGLDQ-EIIHFW PORW

CI DDWD IRU NRQ-CRQVWDQW CRPER: AEHTAS (AEHPD+TAS116)
DRVe Abema DRVe TAS116 EffecW CI
0.25     0.25     0.8651     1.23137 
0.25     0.5     0.69601     1.10031 
0.25     1.0     0.34098     0.73422 
0.25     2.0     0.1083     0.50315 
0.25     4.0     0.21786     1.56926 
0.5     0.25     0.56764     0.68741 
0.5     0.5     0.51311     0.86956 
0.5     1.0     0.22546     0.66276 
0.5     2.0     0.10659     0.62078 
0.5     4.0     0.15535     1.30814 
1.0     0.25     0.57131     1.09282 
1.0     0.5     0.37087     0.99393 
1.0     1.0     0.10589     0.67811 
1.0     2.0     0.10279     0.85177 
1.0     4.0     0.07853     1.04081 
2.0     0.25     0.19449     1.21580 
2.0     0.5     0.1981     1.30367 
2.0     1.0     0.12033     1.22054 
2.0     2.0     0.08474     1.24520 
2.0     4.0     0.12939     1.91443 
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&RPELQDWLRQ ,QGH[ 3ORW

'5, 'DWD IRU 1RQ-&RQVWDQW &RPER� $EH7$6 ($EHPD+7$6116) 
FD DRVH AEHPD DRVH 7A6116 DRI AEHPD DRI 7A6116

0.60081     0.38101     1.61972     1.52403     6.47889      
0.53226     0.57076     1.73517     2.28305     3.47035      
0.36411     1.54014     2.05489     6.16057     2.05489      
0.18427     5.90748     2.58377     23.6299     1.29189      
0.11452     13.2274     2.96411     52.9098     0.74103      
0.67742     0.23542     1.49217     0.47084     5.96869      
0.52823     0.58427     1.74210     1.16853     3.48420      
0.20605     4.83380     2.49697     9.66760     2.49697      
0.1121     13.6961     2.98174     27.3921     1.49087      
0.14395     9.05088     2.77857     18.1018     0.69464      
0.39919     1.24223     1.98099     1.24223     7.92398      
0.34315     1.75846     2.10183     1.75846     4.20365      
0.1125     13.6169     2.97880     13.6169     2.97880      
0.08548     21.1503     3.21086     21.1503     1.60543      
0.06492     32.5067     3.45479     32.5067     0.86370      
0.19637     5.27351     2.53428     2.63675     10.1371      
0.125     11.4561     2.89239     5.72806     5.78478      
0.06532     32.1994     3.44920     16.0997     3.44920      
0.05887     37.7943     3.54464     18.8971     1.77232      
0.04919     49.7293     3.71430     24.8646     0.92858      

&RPELQDWLRQ ,QGH[ 3ORW

'5, 'DWD IRU 1RQ-&RQVWDQW &RPER� $EH7$6 ($EHPD+7$6116) 
FD DRVH AEHPD DRVH 7A6116 DRI AEHPD DRI 7A6116

0.60081     0.38101     1.61972     1.52403     6.47889      
0.53226     0.57076     1.73517     2.28305     3.47035      
0.36411     1.54014     2.05489     6.16057     2.05489      
0.18427     5.90748     2.58377     23.6299     1.29189      
0.11452     13.2274     2.96411     52.9098     0.74103      
0.67742     0.23542     1.49217     0.47084     5.96869      
0.52823     0.58427     1.74210     1.16853     3.48420      
0.20605     4.83380     2.49697     9.66760     2.49697      
0.1121     13.6961     2.98174     27.3921     1.49087      
0.14395     9.05088     2.77857     18.1018     0.69464      
0.39919     1.24223     1.98099     1.24223     7.92398      
0.34315     1.75846     2.10183     1.75846     4.20365      
0.1125     13.6169     2.97880     13.6169     2.97880      
0.08548     21.1503     3.21086     21.1503     1.60543      
0.06492     32.5067     3.45479     32.5067     0.86370      
0.19637     5.27351     2.53428     2.63675     10.1371      
0.125     11.4561     2.89239     5.72806     5.78478      
0.06532     32.1994     3.44920     16.0997     3.44920      
0.05887     37.7943     3.54464     18.8971     1.77232      
0.04919     49.7293     3.71430     24.8646     0.92858      

&RPELQDWLRQ ,QGH[ 3ORW

'5, 'DWD IRU 1RQ-&RQVWDQW &RPER� $EH7$6 ($EHPD+7$6116) 
FD DRVH AEHPD DRVH 7A6116 DRI AEHPD DRI 7A6116

0.8651     0.90823     0.26148     3.63291     1.04591      
0.69601     1.11809     0.57031     4.47236     1.14063      
0.34098     1.50956     1.75869     6.03824     1.75869      
0.1083     2.02252     5.26949     8.09008     2.63474      
0.21786     1.71054     2.81074     6.84215     0.70269      
0.56764     1.25091     0.86894     2.50183     3.47578      
0.51311     1.30765     1.02627     2.61530     2.05254      
0.22546     1.69540     2.71853     3.39079     2.71853      
0.10659     2.02981     5.34112     4.05962     2.67056      
0.15535     1.86001     3.84864     3.72003     0.96216      
0.57131     1.24714     0.85915     1.24714     3.43661      
0.37087     1.47033     1.59329     1.47033     3.18658      
0.10589     2.03283     5.37101     2.03283     5.37101      
0.10279     2.04649     5.50763     2.04649     2.75382      
0.07853     2.17244     6.89070     2.17244     1.72267      
0.19449     1.76060     3.13196     0.88030     12.5278      
0.1981     1.75249     3.07816     0.87624     6.15632      
0.12033     1.97455     4.81576     0.98728     4.81576      
0.08474     2.13640     6.47162     1.06820     3.23581      
0.12939     1.94177     4.52261     0.97089     1.13065      

&RPELQDWLRQ ,QGH[ 3ORW

'5, 'DWD IRU 1RQ-&RQVWDQW &RPER� $EH7$6 ($EHPD+7$6116) 
FD DRVH AEHPD DRVH 7A6116 DRI AEHPD DRI 7A6116

0.8651     0.90823     0.26148     3.63291     1.04591      
0.69601     1.11809     0.57031     4.47236     1.14063      
0.34098     1.50956     1.75869     6.03824     1.75869      
0.1083     2.02252     5.26949     8.09008     2.63474      
0.21786     1.71054     2.81074     6.84215     0.70269      
0.56764     1.25091     0.86894     2.50183     3.47578      
0.51311     1.30765     1.02627     2.61530     2.05254      
0.22546     1.69540     2.71853     3.39079     2.71853      
0.10659     2.02981     5.34112     4.05962     2.67056      
0.15535     1.86001     3.84864     3.72003     0.96216      
0.57131     1.24714     0.85915     1.24714     3.43661      
0.37087     1.47033     1.59329     1.47033     3.18658      
0.10589     2.03283     5.37101     2.03283     5.37101      
0.10279     2.04649     5.50763     2.04649     2.75382      
0.07853     2.17244     6.89070     2.17244     1.72267      
0.19449     1.76060     3.13196     0.88030     12.5278      
0.1981     1.75249     3.07816     0.87624     6.15632      
0.12033     1.97455     4.81576     0.98728     4.81576      
0.08474     2.13640     6.47162     1.06820     3.23581      
0.12939     1.94177     4.52261     0.97089     1.13065      
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Supplementary figure 12




